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ABSTRACT  
   
As crystalline silicon solar cells continue to get thinner, the recombination of 
carriers at the surfaces of the cell plays an ever-important role in controlling the cell 
efficiency. One tool to minimize surface recombination is field effect passivation from the 
charges present in the thin films applied on the cell surfaces.  
The focus of this work is to understand the properties of charges present in the 
SiNx films and then to develop a mechanism to manipulate the polarity of charges to 
either negative or positive based on the end-application. Specific silicon-nitrogen 
dangling bonds (·Si≡N), known as K center defects, are the primary charge trapping 
defects present in the SiNx films. A custom built corona charging tool was used to 
externally inject positive or negative charges in the SiNx film. Detailed Capacitance-
Voltage (C-V) measurements taken on corona charged SiNx samples confirmed the 
presence of a net positive or negative charge density, as high as +/- 8 x 1012 cm-2, present 
in the SiNx film. High-energy (~ 4.9 eV) UV radiation was used to control and neutralize 
the charges in the SiNx films. Electron-Spin-Resonance (ESR) technique was used to 
detect and quantify the density of neutral K0 defects that are paramagnetically active. 
The density of the neutral K0 defects increased after UV treatment and decreased after 
high temperature annealing and charging treatments. Etch-back C-V measurements on 
SiNx films showed that the K centers are spread throughout the bulk of the SiNx film and 
not just near the SiNx-Si interface. It was also shown that the negative injected charges in 
the SiNx film were stable and present even after 1 year under indoor room-temperature 
conditions.  
Lastly, a stack of SiO2/SiNx dielectric layers applicable to standard commercial 
solar cells was developed using a low temperature (< 400 °C) PECVD process. Excellent 
surface passivation on FZ and CZ Si substrates for both n- and p-type samples was 
achieved by manipulating and controlling the charge in SiNx films.   
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Chapter 1 
INTRODUCTION 
 
1.1 Climate change 
 
“We did not inherit this world from our parents.. 
we are borrowing it from our children” 
- Author unknown 
 
Over the past decade, several scholarly articles and scientific research reports 
have been published bringing our attention to the evidences of global warming and 
warning us about the imminent climate change. Average global temperatures that are 
being measured currently are higher than anytime over the past 4000 year period [1] 
and the trend is believed to continue in the near to mid-term future. Another report 
recently published in Science magazine [2] states that the higher temperatures recorded 
in the past 100 years have been at unprecedented levels over the entire past Holocene. 
The authors of the report reconstructed global and local temperature anomalies for the 
past 11,300 years when recent ice age ended for northern hemisphere and noted that the 
global mean temperatures rose naturally till about 7550 to 3550 BC followed by a cooling 
trend, bringing down the global temperatures during 1450 to 1850 AD. However, since 
1850 AD, the average global temperatures have increased at an unnatural and 
exponential rate leading to an average rise of 0.6 ºC in recorded global temperatures. A 
study paper published by Hansen et al [3] reports of temperature anomalies recorded 
during the 30 year period from 1980 to 2010 and noticed that seasonal mean 
temperature anomalies have significantly increased in the past three decades. An 
example of these temperature anomalies is the recent extreme summer time 
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temperatures recorded over parts of US, Europe and Russia. The author categorically 
states that such temperature anomalies are direct results of global warming. Fig. 1.1 
shows how the temperature anomalies have increased since 1880 when temperature 
records were kept for the first time.  
 
 
Fig. 1.1: Recorded temperature anomalies (1880-2012) [4] 
 
Primarily, human activities are the major contributing factors leading to the 
climate change. Since the advent of industrial age, large amounts of greenhouse gases 
(GHGs) e.g. CO2, CH4, N2O, chlorofluorocarbons (CFCs), SF6 are continuously being 
released in the atmosphere due to burning of fossil fuels (coal, petroleum products) for 
transportation, electricity generation, industrial processes and other activities. The net 
effect of GHG is measured and reported in terms of equivalent amount of CO2 and it is 
reported that since 1990, global early emissions have gone up by approximately 6 billion 
tons of CO2 equivalent. As shown in Fig. 1.2, the current level of CO2 is reported at 398 
ppm, which is 35% higher than any previous CO2 levels ever measured in the past 
400,000 years. These GHGs trap the heat being reflected off the earth’s surface and do 
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not allow the heat to dissipate in the space, thereby, increasing the average global surface 
temperature (Fig. 1.1).  
 
 
Fig. 1.2: Rise in CO2 concentration over the years [4] 
 
Rise in the average global temperature will have a significant negative impact on 
weather and water cycles leading to extreme events of prolonged droughts in some 
geographic locations and unusually heavy rainfalls and flooding in other locations. 
Scientists have already started noticing effects of global warming on polar ice mass.  
Increasing temperatures in northern latitudes have started melting large glaciers and 
snow particularly at Arctic and Greenland. Fig. 1.3 shows receding area of ice cover in the 
Arctic region from approximately 8 million square kilometers in 1980 to 3.61 million 
square kilometers in 2012, indicating a decrease of 55% in total ice cover area. This 
melting ice will lead to a significant rise in mean sea levels by up to 7-23 inches that will 
be catastrophic to many coastal cities around the world. Scientists also believe that 
climate change will also be responsible for stronger and much powerful hurricanes and 
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storms. Certain species are feared to get extinct due to change in local climate leading to 
an irreversible impact on the food chain and natural ecosystem. 
 
 
Fig. 1.3: Decreasing area of Arctic ice cover [4] 
 
1.2 Role of renewable energy 
To mitigate the impact of climate change, we need to act swiftly and collectively 
to cut down on our emission levels by setting up proper economic, social and political 
policy framework in place. A general set goal is to stabilize the GHG emissions to at 450-
500 ppm of equivalent CO2 to avoid catastrophic effects on our ecosystem and this 
requires reduction in the current emission levels by approximately 50-85% by the year 
2050 [5]. Excessive use of fossil fuels (coal, diesel, natural gas) for energy generation has 
already added significant levels CO2 in the atmosphere and reducing the emissions will 
require more renewable energy based power plants in place to generate clean, emission 
free electricity. Government policies, subsidies, favorable market conditions, declining 
prices for renewable energy systems (e.g. solar modules), technology improvement and 
general public awareness will increase the overall percentage of renewable energy 
sources in the total energy generation market. The cumulative global installed capacity 
for renewable energy sources has increased by 72% from 748 GW to 1285 GW during 
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2000 – 2011 [6].  Renewable energy accounted for 22% of all global electricity 
generation at 4309 TWh (Fig. 1.4) and out of all renewable energy resources, wind and 
solar were the fastest growing energy generation technologies. While wind generation 
grew by a factor of 13, solar PV generation grew by a factor of more than 51 between 
2000 and 2011. Similarly, the US has installed 146 GW of renewable energy capacity 
during 2000-2011 at a compounded annual growth rate (CAGR) of 4.2%. However, solar 
generation, both flat plate PV and concentrated solar power (CSP) still represent a very 
small fraction in overall electricity generation. In 2011, the net electricity generated in 
the US from all the sources was 411.7 million kWh, out of which, renewables (biomass, 
hydro, wind, solar) accounted for 12.8% at 526 million kWh and solar represented just 
0.2% of the total generation at 1.05 million kWh (Fig. 1.5). 
 
 
Fig. 1.4: World renewable electricity generation [6] 
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Fig. 1.5: US total electricity generation in 2011 [6] 
 
The US photovoltaic (PV) market installed 742 MW of new PV systems 
(crystalline silicon (c-Si) technology systems only) in the 2nd quarter of 2012, thereby, 
posting a strong 116 % rise in installed PV capacity compared to the same quarter in 2011 
[7]. It is predicted that by the end of 2012, 3.2 GW of new PV installations will be added 
to the current capacity of 5.2 GW, up by 71% from 2011 [7]. The key driver to the 
continued growth is drastic reduction in PV installed system prices over the past 1 year. 
Year on year average installed prices have decreased by 33% to the current price of 
$3.5/W. The key driver behind reduced system costs is the oversupply of cheap PV 
modules currently available at $0.87/W, a 44% drop in prices over the past year [7, 8] 
(Fig. 1.6). This continued reduction in PV system costs is the driving force behind the 
steep increase in PV installations.  Despite of reduced profit margins and saturation of 
some key market sectors, the growth in PV installations is predicted to increase in near 
future (Fig. 1.7). It is expected that the PV market will slow down a little from the current 
explosive growth but will continue to increase at a modest rate of 25-30% per year.  
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Fig. 1.6: PV component price trend [7] 
 
 
Fig. 1.7: US solar market outlook 2012-2016 [7] 
 
Crystalline silicon (c-Si) solar cells (mono and multi-crystalline) continue to 
dominate the PV technology market with a market share of 85% [9]. The current 
conversion efficiencies of c-Si cells are approaching 20% [10] and that of modules is 
about 16% [11]. Although, the thin film technology (e.g. CdTe) continue to make progress 
in cell efficiencies (~ 13%), their market share however, still has to gain a lot of ground 
(Fig. 1.8). 
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1.3 Crystalline silicon solar cells 
Most of the industry standard c-Si solar cells are of dimensions ~ 15.6 cm x 15.6 
cm and approximately 180 μm thick, consisting of n+ emitter on a p-doped base. The 
base region (180 μm) is boron-doped p-type (1-5 Ω.cm) and the emitter (~ 1 μm) is 
heavily doped n-type (50-150 Ω/☐) silicon. When photons of energy greater than the 
band- gap (EG) of silicon (1.12 eV) enter through the top emitter region, they create 
electron and hole pairs throughout the silicon material depending on their energy. The 
light generated carriers thus created diffuse towards the p-n junction, get swept across 
due to built in electric field to become majority carriers and get collected by the external 
circuit (Fig. 1.9). 
 
 
Fig. 1.8: Global annual PV cell and module shipments by PV technology [9] 
 
Over the years, screen printed p-type silicon solar cells with heavily doped n+ 
emitter have been manufactured with an average efficiency of approximately 16-17 % [13 
- 15] (Fig. 1.10). Laboratory cells have been able to achieve record efficiencies up to 25% 
[16] using some advanced concepts (photolithography, laser ablation, selective emitter, 
local rear diffusions etc.). However, these advanced processing steps are generally cost 
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extensive and sometime show limited gain in efficiency. The industry tends to slowly 
adapt to these advanced technological processes once they become cost effective and 
reliable. 
 
Fig. 1.9: Schematic of silicon solar cell [12] 
 
 
Fig. 1.10: Industrial p-type c-Si cell [15] 
 
The SEMI International Technology Roadmap for Photovoltaics (ITRPV) report 
released in 2012 [17] predicts an overall picture of the emerging new technologies and 
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trends in c-Si industry to achieve higher cell efficiencies from the current levels. The 
ITRPV report predicts that: 
• The silicon wafer thickness will continue to reduce from the current 180 μm 
to 120 μm by the year 2020. As the wafer thickness reduces, passivation of 
cell surfaces will become a critical step to further enhance cell efficiencies.  
• Migration to lightly doped emitters (from 80 Ω/☐	 to 160 Ω/☐) to improve 
the blue response in the cell. In this case, the fixed charges present in the 
passivating film can easily change the surface conditions for lightly doped 
emitters.  
• N-type wafers with p+ emitters - the industry is currently looking forward to 
n-type wafers as they are free from presence of light induced efficiency 
degradation compared to p-type wafers originating from Boron-Oxygen 
complexes. It is predicted that by the year 2020, n-type wafers will occupy 
65% of the mono silicon market segment. 
 
1.4 Motivation for this work 
The aim of this work is to understand the charges present in the hydrogenated 
amorphous silicon nitride (SiNx) anti-reflection films and to study their effect on the 
passivation of c-Si solar cells. It is well known that the SiNx film when applied on the n+ 
emitter surfaces of p-type cells, the positive fixed charges present in the film decrease the 
surface recombination through field effect passivation by creating an accumulation layer 
in the heavily doped n-type emitter. These same positive charges can create a depletion 
or an inversion region when applied to p-type doped surfaces of the cells based on the 
doping concentration. For the case of p-doped surfaces, these positive charges try to 
create an inversion region of minority electrons, whereas, the p-type doping reduces the 
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minority carrier concentration. As the emitter doping increases, the effect of positive 
dielectric charges in creating an inversion layer decreases further. Eventually, instead of 
an inversion layer, a depletion region is created at the surface that leads to a higher 
surface recombination due to presence of both type of carriers. Further for p-doped 
regions, the presence of an inversion layer adjacent to metal contact regions (such as rear 
p-type surfaces of n+-p cell) will cause parasitic shunting thereby, degrading the cell 
performance. Hydrogenated aluminum oxide (Al2O3) films are being extensively studied 
and used lately as an alternative to SiNx films as a passivation layer for p+ emitters on n-
type cells or for rear surfaces of p-type cells as the negative fixed charges present in the 
Al2O3 film create a hole accumulation layer for the p-type surfaces. However, processes 
and tools needed to deposit Al2O3 films on a high volume industrial scale are not 
available yet, making it difficult to find a solution for films carrying negative charges to 
be applied on p-type surfaces. This work utilizes an important property of the defects 
present in the SiNx films that allows the films to carry either positive or negative charges.  
This primary charge trapping defect of the SiNx film, known as K0 center, allows the net 
charge of the film to be easily manipulated and inverted from positive to negative, 
thereby, making the SiNx films useful for passivating both p or n-type surfaces. It is 
therefore, required to understand the origin of charges present in SiNx films and to 
further investigate their electrical and material properties for solar cell applications. It is 
important to look at the bigger picture where, SiNx films consisting of varying magnitude 
of either positive or negative charge can be used to passivate either type of p- or n-doped 
Si substrates with varying doping concentrations. The current surface passivation 
techniques will need to be optimized for future cell architectures like lightly doped 
emitters, thinner substrates and n-type cells with p-type emitters where the magnitude 
and polarity of charges will control the cell efficiency. Cell surfaces will play a larger role 
for these future cell designs and therefore will require charge assisted surface passivation 
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techniques. In this work, standard SiNx films deposited using Plasma Enhance Chemical 
Vapor Deposition (PECVD) tool are characterized using various electrical, material and 
optical characterization techniques. Capacitance-voltage (C-V) measurement were used 
quantify the amount and polarity of charge present in the films. Various experiments 
have been carried out on test structures where different polarity of charges were injected 
in the SiNx films using a corona discharge tool and the basic charge properties were 
determined and analyzed. Electron Spin Resonance (ESR) measurements were used to 
detect and understand the properties of primary charge trapping center present in the 
SiNx films (K0 defect). Location of charges in the SiNx film, effect of corona charging on 
film properties and long term stability of charges have been described to further enhance 
the knowledge on the charges present in the SiNx films. The effect of externally injected 
charges in the SiNx films on minority carrier lifetime of standard, solar grade, p- or n-
doped CZ silicon substrates has also been studied in this work.  
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Chapter 2 
RECOMBINATION AND SURFACE PASSIVATION 
 
2.1 Recombination basics 
Excess electron hole pairs that are generated in the semiconductor due to 
external excitation (such as incident light) cease to exist due to recombination processes. 
These recombination processes take place both n the bulk and at the surfaces of the 
semiconductor substrate and the useful light generated excess electron-hole pairs can be 
lost due to recombination processes before being collected by the external circuit. During 
recombination the excited electrons present in the conduction band fall back to the 
valence band and recombine with the hole and the excess carrier concentration in the 
semiconductor eventually reaches its stable equilibrium level. Due to increased re- 
combination, the light generated current (JSC) drops and so does open circuit voltage 
(VOC) as given by Eq. 2.1. Higher rate of recombination increases the magnitude of 
saturation current (J0) by several orders and thus, reduces the overall cell efficiency 
through the following Eq. 2.2: 
 
  2.1 
   2.2 
 
The recombination lifetime τ can be defined as the average time for which the 
light generated carriers survive before recombining.  It is a function of excess carrier 
density Δn and net recombination rate U given by Eq. 2.3. 
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  2.3 
 
A higher lifetime of minority carriers will relate to a higher probability of light 
generated carriers to contribute to JSC and therefore would lead to higher efficiency.  The 
net recombination rate in turn depends on different recombination process occurring in 
the bulk of the semiconductor and also at the surfaces.  
The recombination mechanisms [18] occurring in the wafer are: 
• Shockley Read Hall (SRH) recombination via defects in the band gap 
• Radiative recombination, and  
• Auger recombination 
• Surface recombination – a manifestation of SRH recombination 
 
SRH recombination: During SRH recombination, the electron hole pairs 
recombine through defects or impurity traps present in the band-gap of the 
semiconductor through a two-step process (Fig. 2.1 - a). The energy released following 
the SRH recombination is in the form of lattice vibrations or phonons. The SRH 
recombination is therefore, dependent upon the density of traps (NT), their energy levels 
(ET) within the band-gap, the capture cross-sections of electrons (σn) and holes (σp). The 
SRH recombination rate USRH is given by Eq. 2.4. 
 
  2.4 
 
where, n = n0 + Δn and p = p0 + Δp (n0, p0 are the equilibrium  carrier 
concentration and Δn, Δp are the excess carrier concentration), τp and τn are the capture 
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time constants given by Eq. 2.5 and n1, p1 are the trap electron and hole concentrations 
given by Eq. 2.6 
 
 
Fig. 2.1: Recombination mechanisms in semiconductors [19] 
 
  2.5 
  2.6 
 
Therefore, using the relation between lifetime τ and recombination rate U given 
in Eq. 2.3, the SRH lifetime is given as: 
 
  2.7 
 
Radiative recombination:  During this recombination process, band to band re- 
combination of the electron hole pairs takes place releasing the excess energy in form of 
photons (Fig. 2.1 - b). Radiative recombination processes directly opposite of generation 
process taking place during light excitation and during recombination, excess electrons 
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from the conduction band fall to the valence band and recombine with holes. The 
radiative lifetime τrad is given as: 
 
  2.8 
 
where, B is the radiative recombination coefficient. For silicon, B = 4.73 x 10-15 
cm3/s at 300 K. The radiative recombination process is more pronounced in direct band-
gap semiconductors like GaAs and in case of silicon the radiative recombination rate is 
extremely small for silicon being an indirect band-gap semiconductor. 
Auger recombination: In case of Auger recombination, the excess energy re- 
leased following the recombination of electron hole pairs is in turn absorbed by a third 
carrier that is either an electron or a hole (Fig. 2.1 -c) making this recombination 
mechanism a three particle process. The Auger lifetime is given as: 
 
  2.9 
 
where, Cp = Auger recombination coefficient for holes = 1 x 10-31 cm6/s and Cn = 
Auger recombination coefficient for electrons = 2.8 x 10-31 cm6/s. It can be seen from the 
Eq. 2.9 that the Auger lifetime has an inverse dependence on n2.  This implies that for 
heavily doped substrates or under high injection conditions, Auger lifetime will be the 
limiting factor. 
Surface recombination: The surfaces are abrupt terminations of the crystal lattice 
and consist of broken dangling bonds that act as active recombination sites. These 
defects at the surface are distributed throughout the band-gap and therefore, the 
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recombination due to defects at the surfaces act as a manifestation of SRH 
recombination occurring in the bulk. The surface recombination rate US is given by Eq. 
2.10: 
 
 
 
2.10 
 
where, Dit is the interface defect density as a function  of trap energy ET. nS, pS are 
the electron and hole concentration at the surface respectively and ni is the intrinsic 
carrier concentration (for Si, ni = 1 x 1010 cm-3 at 300 K) [20]. Assuming the surface 
recombination velocity (SRV) can be defined as the velocity with which the minority 
carriers rush towards the surfaces and recombine due to surface defects. The surface 
recombination velocity S is given by: 
 
  2.11 
 
where, US is the surface recombination  rate and ΔnS is the excess carrier density 
at the surface. When electrical charges (Qf) are present on the wafer surface due to 
oxidation or application of an insulating film, the energy bands bend at the surface 
(accumulation, inversion or depletion). The electrical field due to the band bending 
strongly effects the surface concentrations of electrons and holes, also known as field 
effect passivation. Therefore, at the surface,  and the effective surface 
recombination velocity Seff is given by Eq. 2.12: 
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  2.12 
 
 where, x = d denotes a virtual  surface at the edge of the space charge region in 
the wafer. Therefore, a well-passivated surface means low surface defects and low SRVs. 
The surface recombination velocity strongly depends on the injection level at the surface 
(ΔnS), fixed charge density (Qf) present in an insulating film on the surface, substrate 
doping concentration (NA or ND), defect energy levels and on the defect capture cross 
sections for electrons and holes [20]. 
The effective carrier lifetime τeff is inversely proportional to the net effective 
recombination rate. A particular recombination process may dominate over other 
recombination processes and limit the effective lifetime. For example, lifetime in multi- 
crystalline silicon is limited by SRH recombination due to presence of large number for 
defects due to grain boundaries. Similarly, for heavily doped regions such as emitters, 
Auger recombination is dominating. The effective lifetime τeff dependent upon all the 
recombination mechanisms, is given by Eq. 2.13: 
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2.2 Surface passivation techniques 
Surface passivation techniques typically combine the following two concepts: 
• Reduction in the surface state densities (Dit) - Chemical Passivation 
• Reduction in the electron or hole concentration at the surface - Field Effect 
Passivation 
 
S
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U
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2.2.1 Chemical passivation 
The defect states at the surface or interface (Dit) can be reduced either by thermal 
oxidation at very high temperature (900 - 1100ºC) or by hydrogen passivation of 
dangling bonds. The thermal oxidation technique gives very low surface state densities of 
109 cm-2 eV-1 and Seff of less than 10 cm/s for high resistivity (> 100 Ω.cm) p- or n-type 
wafers. However, requirement of extremely high temperatures for oxidation are 
detrimental to solar cell parameters. Another common way to reduce the surface state 
density is to grow thin hydrogenated films (SiNx, a-Si, Al2O3) films at low temperatures 
(~400 ºC) by various Chemical Vapor Deposition (CVD) methods. The hydrogen present 
in these films is released during annealing step and passivates the dangling bonds at the 
surfaces, thereby, reducing the interface state density Dit. 
 
2.2.2 Field effect passivation 
To minimize surface recombination, an internal electric field just below the cell 
surface is created by either a high-low junction or by depositing a charge carrying film to 
reduce the concentration of either type of charge carrier at the surface.  As previously 
explained by Eq. 2.10, both type of carriers nS and pS are required for surface 
recombination to take place. Creating an internal electric field below the surface reduces 
the concentration of one type of carrier, thereby, effectively reducing the surface 
recombination. Generally, two techniques are employed for this purpose:  
• Diffusion process: Either creating a p-n junction or a high-low junction 
(p+ p or n+ n)  
• Deposition of an insulating film (SiNx, SiO2, Al2O3) that is able to create 
field effect passivation due to large positive or negative fixed charges 
contained in the film. 
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A high temperature diffusion process creates a p-n junction or a high-low 
junction (p+ p or n+ n if the doping profile polarity is same as the bulk polarity). As the 
doping concentration in a p-n junction increases towards the surface, the resulting 
electric field effectively keeps the minority carriers away from the surfaces and pushes 
them towards the junction. Similarly, a high low junction known as back surface field  
(BSF) is widely used in p-type c-Si wafers (p+p region created by Aluminum or Boron 
diffusion) to keep minority electrons away from the rear surface of the cell. The 
deposition of an insulating film on top also provides excellent field effect passivation due 
to the fixed charges Qf in the film. SiO2 as well as SiNx films carry positive fixed charges 
while on the other hand; Al2O3 films carry negative fixed charges. These films effectively 
shield minority carriers (holes or electrons) from the surfaces and minimize surface 
recombination through field effect passivation [21]. 
To further illustrate the role of charge in controlling the surface recombination, 
band diagrams are shown in Fig. 2.2, for a p-type Silicon substrate deposited with a film 
containing negative or positive charges. As seen in Fig. 2.2 (a), presence of large negative 
charge (~ -1 x 1013 cm-2) on the p-type Si causes the bands at the surface to bend upwards 
creating an accumulation layer of holes. In this case, the minority electrons are expelled 
away from the surfaces.  Left with just one type of carrier at the surface (pS in this case) 
drastically reduces the surface recombination. Similarly, when large positive charge (~ 
+1 x 1013 cm-2) is present at the p-type Silicon surface, the bands now are pulled 
downwards and the surface is inverted (Fig. 2.2 (b)) with a large number of minority 
electrons (nS).  The majority holes are pushed away from the front surface and therefore, 
do not participate in the surface recombination process. On the other hand, if an 
intermediate amount of negative charge (~ -5 x 1011 cm-2) is now present in the film, it 
creates a depletion region under the surface (Fig. 2.2 (c)). The small magnitude of charge 
is unable to create a strong inversion layer of electrons and now both types of carriers 
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(electrons and holes) can interact with surface defects Dit. This depletion region created 
by small magnitude to charge, therefore, increases the surface recombination.  To 
reiterate, in order to minimize surface recombination through field effect passsivation, it 
is required to apply correct polarity and amount of charge to create a strong 
accumulation or inversion layer underneath the surface. 
 
     
Fig. 2.2: Band diagram illustrating (a) accumulation, (b) depletion and (c) 
inversion of p-type silicon due fixed charge in dielectric film 
   
2.3 PC1D simulation for effect of charge on cell efficiency 
To further understand the effect of magnitude and polarity of charge on cell 
efficiency, a typical industry standard solar cell was modeled using PC1D software [22]. 
The cell parameters selected for the simulation are listed in Table 2.1. Other material 
properties relevant for silicon e.g. carrier mobilities, intrinsic concentration, band gap, 
refractive index were selected from default PC1D files. 
For this purpose, varying magnitude of charge was applied to both the front and 
rear of a standard n+-p cell. Positive as well as negative charge was applied to the front n+ 
surface with three different emitter doping profiles to illustrate the effect of charge with 
emitter doping concentration on cell efficiencies.  Negative charge was applied to the 
  
 
 
22 
rear p-type base surface of the cell to simulate the effect of negative charge to minimize 
surface recombination in the absence of a back surface field. 
 
TABLE 2.1: Cell parameters for PC1D simulation 
Parameter Value 
Thickness 180 µm 
Cell area 1 cm2 
p-type base doping Boron, 5 x 1015 cm-3 
Bulk lifetime 500 µs 
Front and rear surface  
recombination velocity 1 x 10
4 cm/s 
Front surface Textured 
Spectrum AM 1.5 G 
Cell temperature 25 °C 
Light intensity 0.1 W/cm2 
Front n+ emitter doping 1 x 1018 to 1 x 1020 cm-3 
Front positive charge +1 x 1010 to 1 x 1013 cm-2 
Front negative charge -1 x 1010 to -1 x 1013 cm-2 
Rear negative charge -1 x 1010 to -1 x 1013 cm-2 
 
 
2.3.1 Effect of positive charge applied at the front n+ emitter surface 
Fig. 2.3 shows the PC1D device schematic used for simulating the effect of 
positive charge on front n+ emitter surface and Fig. 2.4 shows the effect of varying 
amount of positive charge from 1 x 1010 cm-2 to 1 x 1013 cm-2 applied on three different 
emitter doping profiles.  
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Fig. 2.3: PC1D device schematic - positive charge applied at the front n+ emitter 
surface 
 
 
Fig. 2.4: PC1D simulation showing the effect of positive charge applied on front 
n+ surfaces on cell efficiency for different emitter doping (ND) levels 
 
It can be seen that increasing magnitude of positive charge applied on an n+ 
emitter increases the cell efficiency. It is also interesting to note that the lightly doped 
emitter (1 x 1018 cm-3) shows the highest gain in cell efficiency from 18.4% to 19.7% for 
increasing positive charge. On the other hand, heavily doped emitter (1 x 1020 cm-3) 
shows a marginal gain in cell efficiency from 18.9% to 19.2%. This difference can be 
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attributed to the fact that for a lightly doped emitter, the concentration of minority 
carriers (holes in this case) is greater at the surface compared to a heavily doped emitter 
as per the relation given in Eqs. 2.14 and 2.15.  
 
  2.14 
  2.15 
 
A lower amount of positive charge (1 x 1010 cm-2) on a lightly doped emitter is not 
sufficient to keep the minority holes away from the surfaces.  Progressively increasing 
the amount of charge to 1 x 1013 cm-2 effectively bends the surfaces in accumulation (Fig. 
2.5) thereby, minimizing the surface recombination and increasing the cell efficiency. 
Moreover, for heavily doped emitters, Auger recombination further limits the cell 
efficiency. However, for future cell architectures with lightly doped emitters (~1 x 1019 
cm-3, 80-160 Ω/☐), the cell efficiencies can increase from 18.9% to 19.6% by increasing 
the magnitude of applied positive charge. 
 
 
Fig. 2.5: Band-diagram showing the effect of positive charge applied on front n+ 
surface of a cell 
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2.3.2 Effect of negative charge applied at the front n+ emitter surface 
When negative charge in increasing magnitude from -1 x 1010 cm-2 to -1 x 1013 cm-2 
was applied to the front n+ emitter surface, cell efficiencies drastically dropped as seen in 
Fig. 2.6. PC1D software, being a 1 dimensional solver, faced some convergence issues 
during part of this simulation run; however, the drop in cell efficiencies can be 
understood from the band diagram shown in Fig.  2.7. In this case, when negative charge 
is applied to the n+ emitter surface at the front, the bands bend up giving rise to 
depletion condition underneath the surface, allowing the minority carrier holes to reach 
the surface and participate in surface recombination through interface defects. While the 
surface of lightly doped emitter (1 x 1018 cm-3) can easily be depleted with intermediate 
amount of charge (-1 x 1011 cm-2), approximately -1 x 1012 cm-2 charge is required to 
deplete the surfaces of a heavily doped emitter (1 x 1020 cm-3).   
 
 
Fig. 2.6: PC1D simulation showing the effect of negative charge applied on front 
n+ surfaces on cell efficiency for different emitter doping (ND) levels 
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Fig. 2.7: Band-diagram showing the effect of negative charge applied on front n+ 
surface of a cell 
 
2.3.3 Effect of negative charge applied at the rear p-type base surface 
As the last simulation run, when negative charge was applied to the rear p-type 
surface of the cell (Fig. 2.8), the cell efficiency increased with increasing magnitude of 
negative charge.  
 
 
Fig. 2.8: PC1D device schematic - negative charge applied at the rear p-type base 
surface 
 
With no back surface field (BSF) present and a high rear SRV at 1 x 104 cm/s, the 
rear surface of the cell became a major active recombination site. With no rear surface 
charge applied, the rear surface recombination was the limiting factor for cell 
performance and the simulated cell efficiency was only 16% (Fig. 2.9).  
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Fig. 2.9: PC1D simulation showing the effect of negative charge applied on rear p-
type base (NA = 5 x 1015 cm-3) surface on cell efficiency 
 
As shown by the band diagram in Fig. 2.10, increasing the amount of negative 
charge from -1 x 1010 cm-2 to -1 x 1013 cm-2 at the rear p-type surface of the cell effectively 
creates an accumulation layer of majority holes at the surface. This accumulation layer 
keeps the minority electrons away, thereby, reducing the surface recombination and 
increasing the cell efficiency from 16% for -1 x 1010 cm-2 charge to 19.6% for -1 x 1013 cm-2 
charge.  Similar effects were seen for n-type cells with p+ emitters. 
Therefore, it can be concluded that the correct amount as well as polarity of 
charge is required to achieve higher cell efficiencies. Specifically, charge assisted field 
effect passivation will be the key to enhance cell efficiencies for lightly doped emitters 
and thinner cells. Fig. 2.11 shows the band-diagram for an n+-p cell with correct polarity 
of charge applied at the front and rear surfaces that minimizes surface recombination 
and improves cell efficiency. 
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Fig. 2.10: Band-diagram showing the effect of negative charge applied on rear p-
type base surface of a cell 
 
 
 
Fig. 2.11: Band-diagram of an n+-p cell with correct polarity of front and rear 
surface charges 
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Chapter 3 
FIELD EFFECT PASSIVATION USING DIELECTRIC FILMS 
 
3.1 Aluminum oxide (Al2O3) film with fixed negative charges 
As the PV industry is replacing full back Al BSF with rear passivation schemes, 
dielectric films are being applied to the rear of the solar cells to reduce the rear surface 
recombination in absence of an Al-BSF, to increase the rear internal reflection and to 
reduce the wafer bow for thinner substrates (~ 180 μm or less) [23-29]. Silicon nitride 
films (SiNx), traditionally used as a front passivating film on n+ emitter surfaces, can not 
be used at the rear p-type surface due to presence of fixed positive charges in it.  These 
fixed positive charges induce inversion region underneath the surface that leads to 
parasitic shunting [30] and subsequent drop in cell efficiencies (Fig.2.6). Al2O3 films, on 
the other hand, carry negative fixed charge (Qf = -3 x 1012 cm-2) [31] and therefore, have 
emerged as a viable solution for passivating rear p-type surfaces or front p+ emitter 
surfaces of n-type cells. 
Hezel and Jaegar [31] first reported the role of Al2O3 films for surface passivation 
in 1989, where they reported a negative fixed charge of -3 x 1012 cm-2 in the Al2O3 films. 
However, over the next few years, the PV industry did not pay attention to the excellent 
surface passivation properties of Al2O3 films until 2006 when Agostinelli [32] reported 
Seff < 50 cm/s on 2 Ω.cm p-type Si deposited with Al2O3 film. Over the next few years, 
several results reported excellent passivation (Seff < 10 cm/s on both p-type and n-type 
CZ Si) achieved by thin (~ 10 nm) Al2O3 films carrying negative fixed charge deposited 
using Atomic Layer Deposition (ALD) technique [33-40]. Fig. 3.1 shows how Seff varies as 
a function of corona charge density injected into both SiNx and Al2O3 films [41]. Under 
flat-band conditions, the surface recombination velocity is large due to availability of 
both types of carriers. Also, under flat-band condition, injected corona charge (Qc) is 
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equal and opposite in magnitude to fixed charge (Qf) in the dielectric films. Therefore, as 
seen in the Fig. 3.1, while SiNx film contains approximately +2 x 1012 of fixed positive 
charges per cm-2, Al2O3 film carries -1.3 x 1013 fixed negative charges per cm-2. These 
negative fixed charges present in the Al2O3 film create a strong accumulation layer at the 
rear p-type surface of the solar cell and minimize rear surface recombination.  As a 
result, excellent cell efficiencies greater than 20% have been reported where Al2O3 films 
are applied as a rear surface passivating dielectric film to passivated emitter and rear cell 
(PERC) p-type c-Si solar cells, as well as, a front passivating film for p+ emitters on n-
type cells [42 - 47]. Excellent review articles on properties, prospects and application of 
Al2O3 films have recently been written by Schmidt [48], Rahman [49] and Dingemans 
[50]. 
 
Fig. 3.1: Effective SRV (Seff) as a function of injected corona charge density (Qc) in SiNx 
and Al2O3 films giving a measure of fixed charge (Qf) in the films [41] 
 
The origin of negative fixed charge in Al2O3 film is still under discussion. Al 
vacancies and O interstitials are known to be negatively charged and possibly the reason 
for high fixed negative charge in the film [51-54]. Even though, ultra-thin (10 nm) Al2O3 
film can provide good passivation, there are some issues with Al2O3 film that need to be 
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addressed before it can be integrated as a standard industry wide process. Most common 
deposition process used to deposit Al2O3 films is thermal ALD process. The deposition 
process is a self-limiting reaction consisting of two half reactions that requires purging 
the reactor chamber with an inert gas after every dose of pre-cursor gases. This 
requirement severely limits the deposition rate of ALD process ~1-2 Å per cycle, that 
makes this technique unsuitable for high volume manufacturing. New deposition 
techniques like PECVD, APCVD, sputtering are currently being developed for the 
deposition of Al2O3 films. Currently, the Al2O3 film is deposited by Atomic Layer 
Deposition (ALD) technique. Further, Al2O3 film with refractive index of 1.65 is not 
suitable to act as a stand-alone anti-reflection film.  Even though, the Al2O3 film provides 
excellent rear side passivation for p-type cells, a SiNx capping layer is still required to 
prevent processing damages to the Al2O3 film and to increase the rear side reflection for 
the IR spectrum of the incident light [55-58]. Moreover, as of now, there are no metallic 
pastes available for Al2O3 film that can easily penetrate during firing step to form a 
proper ohmic contact with the underlying silicon at the rear side. This limitation adds an 
extra step of laser firing to make rear contacts that significantly increases the final 
product cost. 
All the above mentioned issues with the application of Al2O3 films indicate that 
significant amount of research is still required to make Al2O3 films suitable for large scale 
industrial production and puts the focus back on SiNx films that have been used in the 
PV industry in the past and raises a question that can SiNx films carry negative charge 
instead of as-deposited positive charge. Determining a solution to this problem is the 
primary motivation for this PhD work. Prior to understanding how negative charge can 
be injected in the SiNx films, a review of important properties of SiNx films is given in the 
following section. 
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3.2 Silicon nitride (a-SiNx:H) films with fixed positive charges 
Optimized hydrogenated amorphous silicon nitride (a-SiNx-H, SiNx in short) 
films have been used for the past three decades as passivating films for crystalline silicon 
solar cells. Along with passivating the surface and bulk defects, the SiNx films are also 
used as anti-reflection coating and show excellent thermal and UV stability making the 
SiNx films versatile and industry favorite.  SiNx film consists of fixed positive charges, 
originating from dangling silicon nitride bonds, known as K centers that reduce surface 
recombination through field-effect passivation.  The large positive fixed charge density 
Qf = 3 - 7 x 1012 cm-2 in SiNx film effectively passivates highly doped n-type c-Si or n+ 
emitters by shielding the minority holes away from the surface. However, the same 
positive Qf attracts minority electrons towards the surface in lightly or moderately doped 
p-type wafers or p type emitters, thereby, inverting the p-doped surfaces. 
SiNx:H  films provide excellent surface passivation due to presence of fixed 
positive charges (field effect passivation) and due to large percentage of atomic hydrogen 
(chemical passivation).  Lauinger et al. reported record low Seff  value of 4 cm/s on 
remote-plasma SiNx coated 1.5 Ω.cm FZ p-Si samples (Fig. 3.2) [59], whereas, Kerr and 
Cuevas reported SRV of 1 cm/s on high resistivity n- and p-type Si substrates passivated 
with silicon nitride film [60]. Similarly, several other researchers have reported excellent 
surface and bulk passivation obtained from PECVD deposited SiNx films [61-72]. 
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Fig. 3.2: Measured Seff as a function of excess carrier density Δn for polished and 
textured 1.5 Ω.cm FZ p-Si wafers passivated by remote plasma SiNx and thermally grown 
SiO2 [59] 
 
SiNx properties primarily depend on the deposition parameters like NH3/SiH4 
gas flow ratio, plasma pressure and deposition temperature. The N/Si ratio (x) 
determines the band-gap and refractive index of the film.  Increasing the Si content in 
the SiNx film moves the conduction band and the valence band towards mid-gap, 
thereby, reducing the band-gap. As Si concentration increases, the films change from 
stoichiometric silicon nitride (bandgap ~ 5.3 eV) to amorphous silicon (~ 1.8 eV) [73-79]. 
SiNx anti-reflective coating works by creating a destructive interference of incoming 
photons and reflected photons from the Air/SiNx/Si interface.  The required refractive 
index (n) for bare wafers (Air/SiNx/Si) is 2.0 and for the case of encapsulated cells 
(Air/glass-EVA/SiNx/Si), n is 2.3. However, higher refractive index also increases the 
light absorption in the ARC layer itself. Layers with higher absorption coefficient (α) 
absorb more incoming light rather than transmitting it and these absorbed photons do 
not contribute to useful current in the cell. Therefore, a trade-off between refractive 
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index (n) and extinction coefficient (k) is made by varying the ratio of NH3/SiH4 gas 
flows so than an optimum refractive index of 2.08 and thickness of 78 nm is achieved.  
 
3.3 Origin of charges in SiNx films: K centers 
The properties of the defects or traps present in the SiNx films were first 
investigated during the extensive research on Metal Nitride Semiconductor (MNS) 
structures and Metal Nitride Oxide Semiconductor (MNOS) memories in 1970s. For both 
the MNS and MNOS structures, hysteresis behavior was reported that indicated the 
presence of traps at the nitride-silicon or nitride-oxide interface and possibly in the 
nitride bulk [86-89]. These traps in MNOS memories charged or discharged based on 
the applied gate bias, oxide thickness and also on the conductivity of the nitride films to 
give a distinct hysteresis behavior. As seen in Fig. 3.3, for a positive applied voltage at the 
gate metal, the electrons in the conduction band of the silicon substrate can tunnel (FN 
tunneling) through the thin oxide layer (~ 50 Å) into the nitride layer. The electrons get 
trapped by the defects present at the nitride-oxide interface and also in the bulk of the 
nitride film. The conduction of electrons in the nitride bulk is believed to be due to Poole 
- Frenkel (PF) tunneling mechanism through the hopping of electrons on the defect 
levels. However, different conduction behavior is observed for different thicknesses of 
the oxide layer. In order to determine the location (centroid) of the charge, several 
studies were done using chemical etch-back and capacitance-voltage (CV) techniques on 
MNOS devices with both thin as well as thick oxide layers [90-92]. Kapoor and co-
workers [93, 94] demonstrated that the traps were distributed throughout the bulk of the 
nitride film and not just at the nitride-oxide interface, whereas, Robertson worked 
extensively to determine the gap states and electronic structure of silicon nitride films 
[95-97].  
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Fig. 3.3: Band diagram of MNOS structure [86, 93] 
 
Later in 1981, Yokoyama and co-workers published the first ever results from 
Electron Spin Resonance (ESR) measurement taken on plasma-deposited silicon nitride 
films [98]. ESR signal arises due to the presence of paramagnetic defects present in the 
sample. Yokoyama and co-workers assigned the presence of ESR signal to silicon 
dangling bonds present in the SiNx films. It was well established by this time that 
electrical behavior of SiNx films were dominated by deep trapping centers that played a 
critical role in non-volatile MNOS memories.  However, there was no experimental 
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evidence available that connected a specific defect in the SiNx film with the charge 
trapping behavior. Krick and co-workers identified this trapping center in the SiNx film 
to be a ·Si≡N dangling bond, known as K Center [99-102]. This defect is paramagnetic 
when neutral (K0) but diamagnetic when either positively charged K+ (no spin) or 
negatively charged K- (two spins). ESR along with Capacitance-Voltage (C-V) 
measurement technique was used to detect and quantify the K center defect density.  The 
researchers also found that illuminating the SiNx film with high energy UV (~ 4.9 eV) 
increased the paramagnetic signal. UV light was found to annihilate all the charges 
present in the film (K+ or K-) and convert them to neutral paramagnetic K0 centers. It 
was suggested that the sub-band gap absorption of UV light simply changes the spin and 
in turn, the charge of the K center through a process known as photobleaching. No 
chemical or structural change in the SiNx film was determined after UV illumination 
[100-109]. 
K center defects act as amphoteric traps (Fig. 3.4) that can trap either an electron 
or a hole according to the Eqs. 3.1 and 3.2.  
 
 
  
Fig. 3.4: K center - amphoteric defect [126] 
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Fig. 3.5: Si atom bonded with three nitrogen atoms - K center [119] 
 
  3.1 
  3.2 
 
Lenahan and others further enhanced the understanding of K center defects, the 
primary trapping defects present in the SiNx films, by utilizing Electron Nuclear Double- 
Resonance (ENDOR) to distinguish between silicon and nitrogen dangling bonds and to 
determine the structure of the defect [111-120]. They determined with certainty that the 
silicon dangling bond with three nitrogen atoms (·Si≡N) is the primary defect 
responsible for charge trapping and the electronic wave function is strongly localized on 
the central Si atom (70%) and weakly localized on the N atom (1-3% on each).  This 
unpaired spin, present on the silicon atom bonded with three nitrogen atoms (Fig. 3.5), 
gives the paramagnetic signal detected by ESR technique. It was also determined that 
due to strong negative electron-electron correlation energy, K- defect state with two spins 
is energetically more stable than the neutral K0 defect with single spin of electron, 
making the K0 defect metastable in nature [121-128]. Comparing the binding energies of 
an electron in K− (↑↓) defect with a neutral K0 (↑) defect, and assuming E1 to be the 
binding energy of the electron in K− (↑↓) defect, we get, 
K 0 (↑)+e− →K −(↑↓)
K 0 (↑)−e− →K +()
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  3.3 
 
 Similarly, if E2 is the binding energy of electron in K0 () defect then,  
 
  3.4 
 
In this case, it was found that E1 > E2, thereby, requiring more energy to take an 
electron from K− (↑↓) defect compared to a neutral K0 (↑) defect. 
  
3.4 Role of SiNx positive charges in silicon solar cell performance 
Hezel and co-workers pioneered the work in bringing the SiNx films from the 
semiconductor industry to the PV industry. Early integration of PECVD deposited SiNx 
films for silicon solar cell application was carried during the development of Metal- 
Insulator-Semiconductor Inversion-Layer (MIS-IL) solar cells (Fig. 3.6), where, SiNx 
films were first used as a front dielectric layer. Presence of very high positive charge 
density (Qf = 5 x 1012 / cm2) in the SiNx films deposited at the front surface created a 
strong, conductive inversion layer emitter on p-type Si substrate (Fig. 3.7) [129, 130]. 
Other advantages of using the SiNx film were: 1) PECVD being low temperature process 
compared to thermal oxide process, 2) long term stability of fixed positive charges in 
SiNx films, 3) low interface defect density Dit (~ 4 x 1010 cm-2 eV-1), 4) excellent anti-
reflection properties, and 5) excellent passivation of surface as well as bulk defects. 
Application of negative voltage pulse to the SiNx film or Cesium contamination led to 
increased magnitude of positive charges up-to 1.4 x 1013 cm-2 in the SiNx film that further 
strengthened the inversion layer [131, 132]. As a result of these properties, MIS-IL cells 
K − (↑↓)+E
1
−e− →K 0(↑)
K 0 (↑)+E
2
−e− →K +()
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were reported to achieve total area efficiencies up-to 14.4% on mono-Si cells and 12.3% 
on multi-crystalline silicon cells [130]. 
 
 
Fig. 3.6: Schematic of MIS-IL solar cell [129] 
 
 
Fig. 3.7: High frequency (CHF) and quasi-static (CLF) C-V curves of Al/70 nm 
SiNx/ultra-thin SiOxNy/Si showing the presence of high fixed positive charge (Qf = 3 x 
1012/ cm2) [131] 
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Later, Aberle [20, 65] proposed that the measured positive charge in the SiNx 
film consists of a constant contribution from an ultra-thin silicon oxynitride (SiOxNy) 
interfacial film along with the K+ centers present in the SiNx film (Fig. 3.8).  
 
 
Fig. 3.8: Energy band diagram of the Si-SiNx interface showing the distribution of 
positive insulator charge (+Qf) up-to 20 nm in the SiNx film [65] 
 
The thin SiOxNy interfacial film grows on the silicon substrates during the time 
elapsed between cleaning the substrate and deposition of silicon nitride in the PECVD 
tool. According to Aberle, these positive charges are located only up-to ~20 nm from the 
interface within the SiNx film. This model for charge distribution was based on similar 
work carried by Elminger and Kunst [133], where the authors measured the conductance 
of silicon wafer coated with SiNx film on both sides. They found that the measured 
conductance of the wafer increased as the thickness of the SiNx film increased up-to a 
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thickness of 20 nm, where after, a constant conductance was measured. However, as it 
will be shown later in the results section (Ch. 5) using C-V etch-back technique and 
Electron Spin Resonance (ESR) measurements, it was found in this work that the charge 
trapping K centers are distributed throughout the bulk of SiNx film and not just up-to 20 
nm from the interface. 
Further, Schmidt and Aberle [63] also proposed the magnitude of positive charge 
density (+Qf) under illumination should be atleast one order of magnitude lower (~ 1 x 
1011 cm-2) compared to the value measured in dark by C-V measurements in order to 
satisfy extended SRH surface recombination model (Fig. 3.9). However, Dauwe [134, 
135] later proved that this assumption of decrease in the value of +Qf under illumination 
does not hold true by considering space charge region recombination and further stating 
that under low level injection conditions or under strong inversion conditions at the 
surfaces, the difference between the conduction band edge (EC) and the electron quasi 
fermi level (Φn) is independent of illumination levels. 
 
 
Fig. 3.9: Band diagram and energetic positions of different defect states at Si-SiNx 
interface in the dark (left) and under illumination (right) [63] 
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Cai and co-authors [76] utilized neural network modeling to understand the 
properties of positive charge density and bonded hydrogen content in SiNx films. It was 
reported that the positive charge density increased with increase in deposition 
temperature and the surface recombination velocity decreased with increase in the 
magnitude of positive charge density in the film. Mäckel and Lüdemann [136] proposed 
a model for the formation of K+ defects in the SiNx films, where they suggested that the 
N-H bonds act as pre-cursors for the K+ defects. Using FTIR measurements, they showed 
that as N/Si ratio in the SiNx film increased, the N-H bond density increased too leading 
to an increasing in K+ defect density in the film.  A.J.M van Erven et al. [137] studied the 
effect of Si/N ratio in the SiNx films on C-V characteristics. They reported that the N-rich 
SiNx films (refractive index n = 1.92) show a small hysteresis during the C-V 
measurements whereas; Si-rich SiNx films (n = 2.32) show a much larger hysteresis loop. 
This hysteresis during C-V measurements is caused by charge injection from the silicon 
substrate with applied bias and is higher for Si-rich films due to increase in silicon 
dangling bonds in the film.  Similar results were reported by De Wolf and co-authors 
[138]. Recently, researchers at the Australian National University (ANU) led by Klaus 
Weber investigated the properties of charge injected into the SiNx films from the 
underlying Si substrate using corona charging concept. Some important aspects of 
charges e.g. thermal stability, effect of deposition conditions, location of charge are 
addressed in their published results [139-142].  
The work reported in this dissertation further enhances the fundamental 
knowledge on properties of charge present in SiNx films that will allow the application of 
SiNx to both n and p-doped wafers for charge assisted passivation. It was determined 
from this work that the as-deposited PECVD deposited standard SiNx film carries neutral 
K0 defect that can be converted to either positive or negative charge.  Further, this 
neutral K0 defect is spread throughout the bulk of the SiNx film implying that the injected 
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charge will be present in the bulk of the SiNx film and not just at the interface. The 
source of as-deposited positive charge (~ 2-5 x 1011 cm-2) present in non-treated SiNx 
films is due to large number of interface defect charge (Nit) located at the Si-SiOxNy-SiNx 
interface and few K+ defect centers. Further details about the experiments and results are 
reported in chapter 5. 
  
 
  
 
  
 
 
44 
Chapter 4 
SiNx FILM OPTIMIZATION, CHARACTERIZATION TECHNIQUES AND 
TEST STRUCTURES 
 
4.1 Optimization of SiNx deposition process 
An optimized process for depositing SiNx films was required so that the results 
from the current work can be easily compared with standard industrial process. A 
detailed Design of Experiment (DOE) method was used to achieve optimized output 
parameters of the SiNx films e.g. refractive index n = 2.0-2.1, film thickness = 75-80 nm, 
high minority carrier lifetime, good uniformity of deposition and stability of the SiNx 
films after high temperature firing step. The DOE approach allowed creating 
experiments with varying levels of process controlling inputs e.g. power, pressure, 
temperature, etc. and therefore, helped determine which inputs had the highest 
influence on the desired output responses. A Response Surface Methodology (RSM) was 
used to create a model that relates the input parameters with the desired outputs. The 
RSM approach is a sequential procedure where, the results from the first set of 
experiments are often away from the desired optimum results.  The output responses 
from the first experiment can be easily modeled with simple first order function of input 
variables and plotted on contour plots. The goal is to then proceed with a second follow-
up experiment, typically fitted with a curved surface, along a path of steepest ascent 
(direction of improvement in output responses) towards optimum region that allows 
optimizing the input parameters efficiently.  For this work, SiNx films were deposited 
using Applied Materials P5000 PECVD tool at the Solar Power Lab (SPL). The 
deposition temperature was fixed at 350 ºC and three input parameters were the RF 
power, pressure, gas flow ratio (% of SiH4 in NH3). A central composite design was used 
for the three input parameters with varying levels that gave a total of 20 different run 
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conditions: 6 axial points, 8 fractional factorial points and 6 center axial points for 
repeatability as seen in Table 4.1. 
 
TABLE 4.1: SiNx deposition run conditions  
Sample Pattern Comment Power Pressure 
Gas ratio 
(SiH4 in 
NH3) 
   (W) (Torr) (sccm) 
1 -00 Axial 49 3.0 49.95 
2 0+0 Axial 175 4.7 49.95 
3 000 Center-Ax 175 3.0 49.95 
4 -++ FF 100 4.0 78.3 
5 +-- FF 250 2.0 21.6 
6 --+ FF 100 2.0 78.3 
7 000 Center-Ax 175 3.0 49.95 
8 ++- FF 250 4.0 21.6 
9 -+- FF 100 4.0 21.6 
10 +-+ FF 250 2.0 78.3 
11 000 Center-Ax 175 3.0 49.95 
12 --- FF 100 2.0 21.6 
13 00- Axial 175 3.0 2.27 
14 00+ Axial 175 3.0 97.6 
15 +00 Axial 301 3.0 49.95 
16 000 Center-Ax 175 3.0 49.95 
17 0-0 Axial 175 1.3 49.95 
18 000 Center-Ax 175 3.0 49.95 
19 +++ FF 250 4.0 78.3 
20 000 Center-Ax 175 3.0 49.95 
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Detailed characterization of all the run samples was done to measure output 
responses, primarily using techniques such as Variable Angle Spectroscopic Ellipsom- 
etry (VASE) for thickness and refractive index measurements and Photoconductance for 
minority carrier lifetime measurements. The response data was analyzed using statistical 
software JMP to achieve the final optimized deposition condition for the SiNx films. One 
of the most important and useful interactive tool in JMP is the Prediction Profile tool 
that allows changing one input variable at a time and looking its effect on the predicted 
response (Fig. 4.1). Since, a target value for refractive index and film thickness was 
required, the Prediction Profile tool allowed tweaking the input parameters to achieve 
higher desirability on output responses. The film parameters obtained using optimized 
deposition conditions are listed in Table 4.2. 
 
 
Fig. 4.1: JMP Prediction Profile tool output to optimize SiNx deposition parameters 
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TABLE 4.2: Optimized parameters of SiNx film 
Thickness Refractive index (n) 
Absorption 
coefficient 
(α) 
Lifetime SRV 
Thickness 
non-
uniformity 
(nm) (@ 630 nm) (µs) (cm/s) (%) 
80 2.01 0 1257 18.9 3 
 
 
4.2 Characterization techniques used in this work 
4.2.1 Capacitance voltage  
The primary aim of this work was to understand the charges present in the SiNx 
film. Capacitance-voltage (C-V) technique was extensively used to characterize the 
nitride film and quantify the magnitude, sign and distribution of the charge. C-V 
measurements were taken according to the ASTM standard F 1153-88 [143], to 
determine the amount of fixed charges present in the samples through flat band voltage 
(VFB). An excellent book covering the background theory on MOS capacitors is written by 
Nicollian and Brews [144]. 
C-V measurements are used to quantify different types of charges present in the 
oxide, e.g. interface trapped charge (Nit), fixed oxide charge (Nf), oxide trapped charge 
(Not), and mobile oxide charge (Nm). In this work, the measured charge was assumed to 
be the sum of interface trapped charge and fixed charge present in the silicon nitride or 
thermally grown oxide films. In order to explain the basics of C-V measurements, a 
MOS-Capacitor  (MOS-C) on a p-type substrate is used as an example  (Fig. 4.2). Here, 
tox is the thickness of the oxide film, W is the depletion region width and VG is the applied 
gate voltage. Capacitance C is the change in charge (dQ) due to a change of voltage (dV). 
In case of MOS-C, applying a varying voltage at the metal gate (dVG), changes the charge 
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on the gate (dQG), that in turn is reflected and balanced by an equal and opposite change 
in semiconductor charge given by Eq. 4.1: 
  
 C =
dQ
G
dV
G
=
dQ
s
+dQ
it
dV
ox
+dφ
s
 4.1 
 
where, QS is the semiconductor charge, Qit the interface charge, Vox being the 
voltage drop across the oxide, and ΦS is the surface potential. QS is the sum of hole 
charge density (Qp), electron charge density (Qn) and space charge region bulk charge 
density (Qb).  
 
 
Fig. 4.2: Schematic of a MOS-Capacitor [18] 
 
Therefore, Eq. 4.1 now becomes, 
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and can then be written as Eq. 4.3 and represented by Fig. 4.3. 
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Fig. 4.3: Equivalent MOS-C circuit [18] 
 
When negative gate voltage is applied on p-substrate, the surface gets 
accumulated with majority holes, capacitance Cp dominates over other semiconductor 
capacitances. The C-V meter sees this large Cp capacitance in series with a small Cox 
capacitance and therefore, gives Cox as the measured capacitance. When the gate voltage 
is moved towards zero and further in the positive direction, the surface becomes 
depleted and the bulk capacitance Cb of the space charge region in parallel to the 
interface capacitance Cit now comes in the picture. The measured capacitance is 
therefore, Cox in series with a parallel connection of Cb and Cit. As the gate voltage is 
further increased in the positive direction, the surface starts getting inverted. However, 
this inversion capacitance depends on the frequency of the small signal ac gate voltage. If 
low frequency ac gate voltage is used, the minority electrons are able to follow the 
periodic changes in the gate voltage and create an inversion region, Cn increases, and low 
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frequency C-V curve is measured (Fig. 4.4). On the other hand, if high frequency ac gate 
voltage (10 kHz - 1 MHz) is applied, the minority carriers (electrons in this case) are 
unable to follow the ac gate voltage and therefore, the applied gate signal is balanced by 
increased space charge bulk capacitance Cb and high frequency C-V curve is measured as 
shown in Fig. 4.4. 
 
 
Fig. 4.4: Low frequency (lf), high frequency (hf) and deep depletion (dd) normalized 
SiO2-Si C-V curves of a MOS-C  [18] 
 
The flat-band voltage (VFB) is the voltage applied at the gate of the MOS-C that is 
able to make the semiconductor bands straight by balancing all the semiconductor 
charges. VFB depends on the metal semiconductor work function (ΦMS) and different 
oxide charges and is given by Eq. 4.4 
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where, ρ(x) is the oxide charge per unit volume as a function of thickness.  
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The fixed charge density (Nf) for any given sample in this work was calculated by 
the C-V software assuming that the charge density was located just at the interface 
between the film and the underlying silicon substrate.  However, as will be shown in the 
next chapter, this assumption is not the exact picture as the K center defects were found 
to be distributed throughout the bulk of the nitride film and therefore, the true charge 
density can be bigger than the ones presented in this work. However, the fixed charge 
density Nf calculated by the software still is a good estimate to give an idea about the 
behavior of charge and the effect of various treatments (charge injection, UV 
illumination, annealing) on the magnitude of charge. 
All the C-V test samples used for this work were boron doped (1-5 Ω.cm), p-type 
CZ silicon, 675 μm thick, prime grade, single side polished substrates. The C-V test 
structures were created by the following steps: 
• Clean: Si substrate was cleaned in standard RCA B solution at 75 ºC for 10 
min, followed by a 10 min rinse in DI water and dried in a spin rinse dryer 
tool. 
• Oxidation: A thin (~18 nm) layer of thermal oxide was grown in a thermal 
furnace at 950 ºC for 20 minutes was on cleaned silicon substrates. The 
oxide layer was important because it stopped the charge movement 
causing hysteresis effect between the Si substrate and the SiNx film.  
• Forming Gas Anneal:  Substrates were then annealed in forming gas 
(FGA, N2/H2) at 400 ºC, 20 min to minimize the defects in the thermal 
oxide layer. 
• SiNx film deposition:  78-80 nm of SiNx film was deposited on top of the 
thin oxide layer in Applied Materials AMAT P5000 PECVD tool.  The 
deposition conditions were the same as described in Table 4.1 
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• Metal contacts:  The contacts for taking C-V measurements were either 
Aluminum dots deposited using a shadow mask or a Mercury probe 
contact. 
 
4.2.1.1 Nitride Silicon vs. Nitride Oxide Silicon C-V structure 
Two different C-V test structures were created to measure the SiNx film charge, 
one without a thin thermal oxide layer: Nitride-Silicon and one with the thin oxide layer: 
Nitride-Oxide-Silicon between the SiNx film and Si substrate as shown in Fig. 4.5.  
 
 
Fig. 4.5: Metal Nitride Silicon (left) and Metal Nitride Oxide Silicon (right) C-V test 
structures 
 
When C-V measurements were taken on a Nitride Si structure, the applied gate 
voltage did not produce a proper accumulation, depletion or inversion region 
underneath the gate, compared to the C-V measurements taken on Nitride Oxide Si test 
structure as shown in Fig. 4.6.  
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Fig. 4.6: C-V on Nitride-Silicon vs. Nitride-Oxide-Silicon structure 
 
The non-stoichiometric SiNx film, deposited in a PECVD tool contains lot of 
interface defects and charges. When a gate bias is applied on a Nitride Si structure, the 
applied voltage tries to create an accumulation or an inversion layer depending on the 
polarity.  As soon as the gate voltage is increased in either direction, the charged carriers 
start moving under the influence of applied bias, between the nitride film and the silicon 
substrate due to the presence of interface defects and due to the high conductivity of the 
nitride film.  The charges easily tunnel back and forth between nitride and silicon 
interface primarily due to Poole-Frenkel conduction and do not produce a stable 
accumulation or inversion region. However, as seen for the case of Nitride Oxide Si test 
structure, the thin thermal oxide layer (~18-20 nm) between the PECVD deposited 
nitride film and the silicon substrate, acts as a barrier that blocks the charge movement 
and allows the formation of accumulation and inversion layer of charges in the silicon 
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substrate. Therefore, all the C-V measurements in this work were taken on MNOS 
structures. 
 
4.2.1.2 Depositing Al dots: E-beam vs. thermal evaporation 
To take C-V measurements on nitride samples, Al dots (~ 100 nm thick) were 
deposited to the front of the samples using a shadow mask. Initially, E-beam evaporator 
was used to deposit Al dots on the nitride-oxide layer. However, it was found that the 
flat-band voltage of the nitride-oxide layer with E-beam deposited Al dots, shifted to 
larger negative values, indicating a larger amount of positive charges in the film, 
compared to when the Al dots were deposited in a thermal evaporator, as shown in Fig. 
4.7.  
 
 
Fig. 4.7: C-V plot - E-beam vs. thermal evaporation of Al dots on nitride oxide 
silicon structures 
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The reason of this large positive charge injection was due to the damage induced 
to the nitride layer by radiations (X-rays) emitted during e-beam evaporation. This 
artificial shift in VFB of nitride film was not acceptable, as it did not represent the true 
charges present in the film. As a solution to this problem, C-V measurements were taken 
on test structures with Al dots deposited using a thermal evaporator. 
However, using depositing Al dots over the films prevented any further treatment 
on the samples once the metal dots were deposited.  Since, the samples were subjected to 
UV illumination, charge injection or thermal annealing treatments, C-V measurements 
for most part of this work were taken primarily using a Hg probe C-V tool. 
 
4.2.1.3 Selecting proper voltage bias sweep range 
It is critical to carefully select the magnitude of applied voltage bias while taking 
the C- V measurements, to accurately quantify the magnitude and sign of charge in the 
SiNx film. A large gate bias can induce a large field across the dielectric film.  This 
applied field leads to Fowler-Nordheim tunneling of charges from the silicon substrate 
through the thin thermal oxide barrier layer and into the SiNx film. These injected 
charges therefore, generate hysteresis during the C-V measurements leading to shifts in 
the VFB and therefore, erroneous determination of the charges present in the SiNx film 
(Fig. 4.8).  
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Figure 4.8: Simplified band diagram (top) and C-V plot (bottom) of SiNx-SiO2-Si 
showing hysteresis due to large applied voltage bias 
 
Therefore, it is very important to use a small gate bias, enough to measure the VFB 
and small enough to not inject charges through the oxide film (Fig. 4.9). Therefore, in 
this work, absence of hysteresis in C-V curves was always checked prior to taking any C-
V measurements.  
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Figure 4.9: Simplified band diagram (top) and C-V plot (bottom) of SiNx-SiO2-Si showing 
no hysteresis due to small applied voltage bias. 
 
4.2.2 Photoconductance 
As previously mentioned in Chapter 2, the effective minority carrier lifetime τeff is 
controlled by different recombination events taking place in the bulk of the 
semiconductor or at the surfaces and is given by:  
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To determine the effectiveness of the charges present in the thin films to 
passivate the surface defects and reduce the surface recombination, it is important to 
minimize the bulk recombination rate. For this work, high purity Float-Zone (FZ) silicon 
wafers with high bulk lifetime (τbulk > 10 ms) were used. After cleaning the wafers to 
remove the native oxide and metallic impurities, thin (~ 78 nm) SiNx films were 
deposited on both sides of the FZ wafer sample (Fig. 4.10) to passivate the surfaces and 
to measure the effective lifetime (τeff) of the carriers and to determine the maximum 
upper limit of effective surface recombination rate Seff using the Eq. 4.7: 
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where, W is the thickness of the FZ Si sample.  
 
Fig. 4.10: Test structure for measuring effective carrier lifetime and surface 
recombination velocity 
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The minority carrier lifetimes of the samples were measured using a Sinton 
Photoconductance Lifetime Tester WCT 120 tool. Excess carriers in the test sample are 
created through optical generation by using a flash lamp. The continuity equation for 
uniform carrier generation in the sample is given by Eq. 4.8: 
 
 
dΔn(t)
dt
=G(t)−
Δn(t)
τ
eff
 4.8 
 
where, G(t) is the time dependent generation rate in the sample and Δn(t) is 
excess minority carrier density as a function of time. Therefore, the effective lifetime (τeff) 
of the sample as a function of minority carrier density is given by Eq. 4.9: 
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Under transient photoconductance method, the illuminating flash duration is 
extremely small with G(t)<<
dΔn(t)
dt
, therefore, τeff is now given as: 
 
 
τ
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4.10 
 
 Transient photoconductance method is valid only for samples with higher 
lifetime (τeff > 100 μs) so that the excess generated carriers can survive and their decay 
can be calculated. 
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On the other hand, under steady-state conditions, G(t)>>
dΔn(t)
dt
, making τeff 
now independent of carrier decay as: 
 
 τ
eff
(Δn)=
Δn(t)
G
 4.11 
  
For the case of Quasi-Steady State Photoconductance (QSSPC) method, the 
sample is subjected to a long slow decaying pulse of light. This makes sure that the 
excess carriers generated in the sample are always close to stead-state conditions 
through nearly balanced generation and recombination rates. For the QSSPC method, 
both the generation rate G(t) and excess carrier density Δn(t) in the sample should be 
known. A picture of the Sinton photoconductance tool is given in Fig. 4.11. 
 
 
Fig. 4.11: Sinton instruments WCT-120 wafer lifetime tester 
 
Excess carriers generated in the sample by illumination, change the conductivity 
of the sample as explained by Eq. 4.12: 
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 σ (t)= q(µn +µp)Δn(t)  4.12 
 
The sample is inductively coupled to a RF coil that measures the change in sheet 
conductivity of the sample as a result of illumination and the excess carriers Δn(t) 
generated in the samples are thus calculated (Fig. 4.12).  
 
 
Fig. 4.12: Screen shot of light intensity and photoconductance vs. time (Transient 
measurement mode) 
 
A calibrated reference cell is used to determine the generation rate G(t) through 
illumination intensity I(t) from the following relation:  
 
  4.13 G(t)=
I(t). f
abs
.N
ph
W
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where, fabs is the fraction of light entering the sample and depends on whether is 
sample is polished or textured or coated with anti-reflection film.  Nph are the number of 
photons under 1 sun illumination. Therefore, once Δn(t)  and G(t) are known, τeff can 
then be easily calculated by Eq. 4.11 over a varying range of excess carrier concentrations  
as shown in Fig. 4.13. 
 
 
Fig. 4.13: Minority carrier lifetime τeff vs. excess carrier density Δn (t) plot 
 
4.2.3 Electron Paramagnetic Resonance 
Electron Paramagnetic Resonance (EPR) also known as Electron Spin Resonance 
(ESR) measurements were taken on silicon nitride (SiNx) deposited silicon substrates to 
understand the properties of K center defects with single spin (neutral charge K0 defect) 
present in the nitride film. K center defects with single spin (neutral charge K0 defect) 
are paramagnetically active and hence, detected by ESR measurements. ESR 
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measurements taken on these SiNx films give direct evidence of the presence of silicon-
nitrogen dangling bond (·Si≡N), also known as K center with single unpaired spin of 
electron. This neutral K center (K0) with a single spin acts as an amphoteric defect and 
therefore, can capture either an electron or a hole. C-V measurements can determine the 
net charge present in the film but cannot quantify the neutral K center. ESR 
measurements on the other hand, can detect and quantify the density of neutral K 
centers present in the film. Therefore, C-V and ESR measurements are complimentary to 
each other and help understand the complete charge distribution in the nitride films. 
ESR measurements were used to quantify the total spin density in SiNx samples and this 
spin density was compared with the fixed charge density (Nf) obtained from C-V 
measurements. 
ESR technique is used to study materials that contain unpaired spin of electrons 
in their orbitals. The spin quantum number mS describes the spin of the electrons. Every 
electron has a spin s =
1
2
 that makes the spin quantum number mS to be +
1
2
(up-spin) or 
−
1
2
 (down-spin). Every electron in a particular orbital must have distinct spins 
according to Pauli’s exclusion principle, and therefore, a particular orbital can only have 
two electrons, each with an opposite spin. 
Application of external magnetic field of strength B0 to the material (SiNx in this 
case) splits the energy levels between the two spin states. The electron’s magnetic 
moment mS aligns itself parallel or anti-parallel to the field, with mS = −
1
2
 (down-spin) 
being anti-parallel to the field and occupying a lower energy state. The separation 
between the energy states (Fig. 4.14) is given by Eq. 4.14, where μB is Bohr’s magneton, a 
constant, defined as the magnetic moment for one unit of quantum mechanical angular 
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momentum with a value of 9.274 x 10-20 J/T. B0 is the applied magnetic field strength 
and ge = 2.002319 is known as the g-value for free electron, used as a correction factor 
for the anomalous magnetic moment of the electron. 
 
 ΔE = geµBB0  4.14 
 
 
 
Fig. 4.14: ESR - splitting of energy levels with applied magnetic field [145] 
 
When applied magnetic field B0 splits the energy levels, the unpaired electron 
with the single spin (mS = −
1
2
; down-spin) makes a transition from the lower level to the 
upper level by absorbing the energy from an incident electromagnetic radiation with 
energy E = hν, so that the resonance condition of ΔE = E+1/2 −E−1/2 = hν  is met. The 
frequency of the electromagnetic radiation is typically between 9-10 GHz (X-band). 
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Majority of ESR measurements are taken by varying the applied magnetic field and 
keeping the frequency of the incident electromagnetic radiation fixed. The electron from 
the lower spin state moves to the upper spin state by absorbing the incident energy of the 
radiation. This transition is measured and plotted as a first derivative of the absorbance 
of the incident electromagnetic radiation against magnetic field strength. 
For this work, ESR measurements were taken at ESR facility at Arizona State 
University. All the measurements were taken at room temperature on a Bruker ELEXSYS 
580 X-band spectrometer. The samples were the same PECVD deposited SiNx films on 
silicon substrates that have been used for C-V and photoconductance measurements. 
Thin walled high purity glass tubes were used to hold the samples. The following 
parameters were selected for taking the ESR spectra: magnetic field modulation 
frequency 100 kHz, attenuation 29 dB, modulation 10 Gauss, and microwave power 0.25 
– 1 mW. Spin densities (spins / cm2) present in the samples quantifying an approximate 
number of neutral paramagnetic K0 defect centers were determined by using Manganese 
Chloride (MnCl2) solution as a calibration standard. 
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Chapter 5 
PROPERTIES OF CHARGES IN SILICON NITRIDE: RESULTS AND 
ANALYSES 
 
5.1 As deposited charge distribution 
Solar cells are large area devices, so mapping the charges present in as-deposited 
SiNx film was necessary to determine their uniformity and magnitude prior to any 
treatment. It was found that the deposition tool settings and the plasma plays an 
important role in the distribution of charges. Fig. 5.1 shows the charge distribution map 
of a sample with 80 nm thick SiNx film. The wafer flat is located at the 180 radians.  
 
 
Fig. 5.1: Fixed charge density (charge/cm2) plot of a SiNx film sample – tilted 
 
As seen in the Fig. 5.1, the charge density gradually increases going diametrically 
from 30 radians to 210 radians.  The reason behind this non-uniformity in charge 
deposition was later found to be a slight tilt between the silicon substrate and the 
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showerhead for gas injection in the PECVD tool. Due to this slight tilt (< 5 mils), the 
deposited films were also slightly thinner in the same area around 30 radians, where 
lesser amount of charge was measured. After fixing the tilt in the PECVD tool and 
mapping the charge density in the SiNx film again, the charges were more uniformly 
distributed in the wafer as seen in Fig. 5.2. 
 
 
Fig. 5.2: Fixed charge density (charge/cm2) plot of a SiNx film sample after fixing the tilt 
 
5.2 Effect of gate bias voltage 
During regular C-V measurements of SiNx samples, it was found that applying a 
suitable gate bias could easily change the magnitude and sign of charges present in the 
nitride film. First C-V measurement taken on an as-deposited (untreated) SiNx film 
sample gave a VFB of -1.8 V indicating a fixed charge density Nf of +3.5 x 1011 cm-2 present 
in the nitride film. After applying a gate bias of +40 V for 3 minutes prior to taking the 
second C-V measurement, the VFB shifted to -11 V giving a net POSITIVE charge density 
of +2.1 x 1012 cm-2 in the film, as shown in Fig. 5.3. The net charge density in the nitride 
  
 
 
68 
film increased by one order of magnitude by applying a positive gate bias. On the other 
hand, after applying a gate bias of -40 V for the same duration prior to taking the third 
C-V measurement, the VFB was shifted to the positive side to +7.5 V, giving a net 
NEGATIVE charge density of -3.4 x 1012 cm-2 in the nitride film (see Table 5.1). This 
experiment proved that the K centers present in the nitride film behave as amphoteric 
defects that can trap both holes and electrons based on the applied external gate bias, 
thereby, giving a net positive or a net negative charge to the SiNx film.  
Another important point to take from this experiment is that the thin thermal 
oxide film (~18 nm) underneath the nitride film acted as a perfect charge blocking layer, 
preventing any charge movement between the silicon substrate and the nitride film. 
When +40V gate bias was applied to the nitride film, the electrons present in the as-
deposited nitride film were pulled out by the applied bias and therefore, the net positive 
charge density in the nitride film increased. There was no sign of electron injection from 
the silicon substrate into the nitride film via tunneling through the thin oxide film, 
because, if this had been the case, net negative charge density would have been measured 
after applying positive gate bias. Similarly, applying a negative voltage of -40V on the 
gate injected electrons into the nitride film, giving rise to net negative charge density, 
clearly indicating that the source of these negative charges in the nitride film measured 
by C-V was the applied gate bias and not the silicon substrate. This gate bias experiment 
opened a way to manipulate the charges, positive or negative, in the nitride film by 
applying external bias of either polarity. The charges present in the SiNx film can now be 
easily switched between positive or negative depending on whether the solar cell surface 
doping is n-type or p-type. 
 
 
  
 
 
69 
 
Fig. 5.3: C-V plot - Effect of applied gate bias on net charge density in the SiNx film 
 
TABLE 5.1: Effect of applied gate bias on the net charge density in the SiNx film 
Test# Sweep Gate bias VFB Nf 
 (V) (V) (V) (cm-2) 
1 0 to -10 N/A -1.8 +3.5 x 1011 
2 0 to -15 +40 -11 +2.1 x 1012 
3 -10 to +15 -40 +7.5 -3.4 x 1012 
 
 
5.3 Corona charging for charge injection in SiNx films 
Once the gate bias experiments proved that the negative charge could easily be 
injected into the SiNx films, a corona discharge tool was built to facilitate charging the 
nitride films with positive or negative charge. As previously explained, K centers being 
the primary charge trapping defects present in the nitride films exist in three different 
  
 
 
70 
charge states: the neutral K0, positively charged K+ and the negatively charged K- defects.  
The total population of the these K center defects remain constant depending on the total 
number of silicon-nitrogen dangling bonds (·Si≡N) present in the film, however, 
following the external injection of electrons or holes, the net charge in the nitride film 
changes. 
For this work, a custom-built corona discharge tool was used for the charge 
injection process. The tool consisted of a thin copper wire connected to a positive or a 
negative power supply capable of voltages up to 20,000 V. The nitride film sample to be 
charged was kept underneath the copper wire at a distance of about 1 inch. Switching on 
the power supply created a discharge in the surrounding air by ionizing the oxygen, 
nitrogen and water molecules due to high voltage applied across the copper wire. The 
ions thus created, settled on the nitride sample kept underneath the copper wire and 
changed the charges present in the nitride film to net positive or negative depending on 
the selected discharge polarity. It was also found that the polarity of the injected charges 
in the film, subjected to the corona discharge, was the same as the polarity of selected 
corona voltage i.e. negative charges were injected in the nitride film after negative corona 
charging as shown in Fig. 5.4. Table 5.2 lists the charge densities measured on the SiNx 
film samples following corona charging. After negative corona charging, the SiNx film 
had a net NEGATIVE charge density of -6.9 x 1012 cm-2. Similarly, a net POSITIVE 
charge density of +4.6 x 1012 cm-2 was measured after subjecting the SiNx sample to 
positive corona charging. Corona discharge method thus proved to be the quick and easy 
method to change the net charge of the SiNx film. Depending on the end application, 
whether the SiNx film is to be applied on p-doped or n-doped surfaces, the net charge in 
the film can now be easily changed to negative or positive. 
 It is important to understand the source of negative or positive injected charges 
in the SiNx film following corona charging. The silicon sample under the corona 
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discharge was a heavily doped (1-5 Ω.cm) p-type substrate upon which an 18 nm thick 
oxide layer was thermally grown, followed by PECVD deposited 78 nm thick SiNx film. 
The oxide layer prevented any charge movement from the silicon substrate into the 
nitride film or vice versa. Therefore, the charges injected in the film following corona 
discharge treatment must have come from the ions generated due to corona discharge of 
air. 
 
 
Fig. 5.4: Manipulation of charge in the SiNx film using corona discharge technique 
 
TABLE 5.2: Effect of corona charging on the net charge density in the SiNx film 
Test# Condition VFB Nf 
  (V) (cm-2) 
1 As deposited -2.9 +3.3 x 1011 
2 Negative corona charged +17.2 -6.9 x 1012 
3 Positive corona charged -7.5 +4.6 x 1012 
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To investigate the relation between time duration of corona charging and charge 
injected in the SiNx films, five samples taken from the same wafer were subjected to 
negative corona discharge for varying time durations. Standard nitride film thickness of 
78 nm was used and the objective of this experiment was to understand if longer 
exposure of the nitride films to the corona charging translated to higher amount of 
injected charge in the film. After treating the samples with negative corona discharge, C-
V measurements using a Hg probe were taken to measure the polarity and magnitude of 
the injected charge. As shown in Fig. 5.5 and listed in Table 5.3 the injected charge in the 
film saturated and reached its maximum just after a short 30 second exposure, 
indicating that the amount of injected charge in the SiNx film is independent of the 
exposure time and just 30 seconds are enough to inject charges up-to 5 x 1012 cm-2. This 
experiment thus allows corona charging technique to be integrated into the high volume 
solar cell production lines for fast charge injection process. 
 
 
Fig. 5.5: Total charging time vs. fixed charge density Nf in the SiNx film 
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TABLE 5.3: Effect of charging time on net charge density in the SiNx film 
Test# Charging time VFB Nf 
 (s) (V) (cm-2) 
1 30 9.4 -1.9 x 1012 
2 120 7.2 -1.7 x 1012 
3 300 7.8 -1.7 x 1012 
4 420 9.5 -1.9 x 1012 
5 600 8.9 -1.8 x 1012 
 
 
5.4 Effect of high energy UV radiation on nitride film charges 
As previously mentioned in Chapter 3, it has been reported in the literature that 
illuminating SiNx film with high energy (~ 4.9 eV) Ultra-Violet (UV) radiation increases 
the paramagnetic signal. UV radiation was found to annihilate all the charges present in 
the nitride film (K+ or K-) and convert them to neutral paramagnetic K0 centers. The 
exact mechanism by which the UV radiation is able to neutralize the charge is still not 
clear. Williams [146] and Goodman [147] suggested that the incident high energy UV 
photons can create an electron - hole pair in the silicon substrate and these excited 
carriers with high energies can easily move from silicon into the silicon nitride film by 
crossing over the oxide barrier layer and neutralize the charges present in the nitride 
layer through a process known as photoemission.  Photoemission can inject electrons 
from silicon substrate for any photons with energy higher than 4.3 eV and holes for 
photons having energy higher than 4.9 eV. However, it was later suggested by Crowder 
[106] and by Seager [107] that the sub-band gap absorption of UV light simply changes 
the spin and therefore, neutralizes the charge of the K center through a process known as 
photobleaching.  UV illumination does not induce any chemical or structural change in 
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the SiNx film. In terms of K centers present in the nitride film, when illuminated by the 
high energy UV light, both the positively charged K+ centers (with no spin) and the 
negatively charged K- centers (with two spins) are converted to neutral K0 center defects 
(with one spin). 
 
5.4.1 Charge neutralization by UV radiation 
For this experiment, a high energy (4.9 eV, 254 nm) UV lamp was used to 
illuminate the nitride-oxide samples and measure its effect on the net charges present in 
the nitride film. A SiNx-SiO2-Si sample with ~ 80 nm SiNx film deposited on a thermally 
grown ~ 20 nm SiO2 film was measured with a Mercury  (Hg) probe C-V tool.  First C-V 
measurement taken on as-deposited N-O-Si sample gave a VFB of -2.9 V indicating the 
presence of net positive charges (Nf = +3.3 x 1011 cm-2) in the film, as shown in Fig. 5.6 
and listed in Table 5.4. The sample was then treated with negative corona discharge and 
a second C-V measurement gave a VFB of +17.2 V and a net negative fixed charge density 
Nf  = -6.9 x 1012 cm-2 due to large negative charges injected in the film. As a final step, the 
sample was then illuminated with 254 nm (4.9 eV) UV light for 5 min and the C-V 
measurement was taken again. As seen from Fig. 5.6, the UV light neutralized all the 
negative charges present in the nitride film and the measured VFB was -2.8 V giving 
approximately the same magnitude of positive charges as in the case of as-deposited 
film. These positive charges might be possibly located at the SiNx- SiO2 interface or in the 
underlying SiO2 film itself. While corona charging technique gave the ability to inject 
either polarity of charges in the nitride film, illuminating the nitride film with high 
energy UV radiation, neutralized the injected charges. This ability to manipulate (inject-
neutralize) the charges in the nitride film will be extremely beneficial for solar cell 
applications, where, on one hand, SiNx films carrying a particular polarity of charges can 
be applied to either type of doped surfaces and on the other hand, UV illumination will 
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allow controlling the magnitude of these injected charges depending on the substrate 
doping levels.  
 
 
Fig. 5.6: CV plot - Effect of negative corona charging and subsequent UV illumination on 
net charge density of SiNx film 
 
 
TABLE 5.4: Effect of negative corona charging and subsequent UV illumination on net 
charge density of SiNx film 
Test# Condition VFB Nf 
  (V) (cm-2) 
1 As deposited -2.9 +3.3 x 1011 
2 Negative corona charged +17.2 -6.9 x 1012 
3 UV illuminated -2.8 +3.2 x 1011 
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Moreover, such high energy UV radiation is not present in the global AM1.5 G 
solar radiation under which the solar cells are tested and operate [148]. As shown in Fig. 
5.7, the solar radiation starts at ~ 290 nm translating to 4.3 eV and has significantly less 
energy than the energy of UV radiation (~ 4.9 eV) used in this work for charge 
neutralization. It will be shown in a later section that only 254 nm UV radiation is able to 
neutralize the charge and a higher wavelength (365 nm) UV radiation had no effect of the 
injected charge. Further, when the solar cells are connected in a module, a standard 3.2 
mm thick PV glass is placed over the module with a typical transmissivity curve as shown 
in Fig. 5.7 [149]. The PV glass is able to transmit just 30% of the incident radiation at 
300 nm.  Therefore, once the samples are charged, the injected charge will remain 
present in the silicon nitride film for a longer period of time even under sunlight. 
 
 
Fig. 5.7: AM1.5G spectrum and PV glass transmissivity 
 
5.4.2 Increase in neutral paramagnetic K0 defect density 
ESR measurements were taken on SiNx film samples to understand and quantify 
the effect of UV illumination on K center defect density present in the silicon nitride 
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films. The samples used for this experiment were Si substrates with 1 μm thick SiNx film 
deposited on both sides of the wafer.  It was determined that at least 1 μm thick film is 
required to get a decent detectable ESR signal.  As previously explained, specific silicon-
nitrogen dangling bonds (·Si≡N), known as K0 defects, are paramagnetic due to presence 
of one spin, and therefore, can be detected by ESR technique. The ESR signal is the first 
derivative of the absorbance of the incident electromagnetic radiation by the unpaired 
electron making a transition from the lower level to the upper level. The magnitude of 
the ESR signal is therefore, proportional to the total number of neutral K0 defects 
present in the sample. 
First ESR measurements taken on samples with as deposited, untreated, PECVD 
SiNx film confirmed the presence of neutral, paramagnetic KO centers, as shown in Fig. 
5.8.  It is reported for the first time in this work that even as-deposited SiNx film consists 
of neutral paramagnetic K0 centers. Krick and co-workers [99-101] have earlier reported 
that no paramagnetic signal and therefore, no K0 defects were detected in as-deposited 
SiNx films; and these paramagnetic K0 defects in the nitride film were generated only 
after UV treatment of the film. Further, as seen in Fig. 5.8, illuminating the nitride film 
with 254 nm UV light for approximately 5 min nearly doubled the peak-to-peak 
amplitude of the ESR signal.  As Table 5.5 lists, 1 μm thick SiNx film deposited on both 
side of the Si sample prior to UV illumination had a spin density of 1.24 x 1013 spins / cm2 
(Test-1) that increased to 2.31 x 1013 spins / cm2 after UV illumination (Test - 1A), 
directly implying that the increase in the number of total spins present in the film was 
due to 254 nm UV treatment of the SiNx film. Similarly, another Si sample with 80 nm 
thick SiNx film deposited on only one side of the sample was measured to carry a spin 
density of 1.2 x 1012 spins / cm2 (Test 2) that increased to 1.34 x 1012 spins / cm2 after the 
UV illumination (Test - 2A). 
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TABLE 5.5: ESR spin density of as-deposited and UV illuminated SiNx film 
Test# Condition Spin density 
  (spins/cm2) 
1 SiNx 1 μm both sides (As deposited) 1.24 x 1013 
1-A SiNx 1 μm both sides (UV treatment) 2.31 x 1013 
2 SiNx 80 nm single side (As deposited) 1.2 x 1012 
2-A SiNx 80 nm single side (UV treatment) 1.34 x 1012 
 
 
Fig. 5.8: ESR data: Effect of UV on 1 μm thick SiNx film 
 
This mechanism of increase in neutral K0 defect center density can be better 
understood by visualizing the distribution of K center defects in the SiNx films as shown 
in Fig. 5.9. Since, the K center defects arise from specific silicon-nitrogen dangling bonds 
·Si≡N, the total density of these silicon-nitrogen dangling bonds in the SiNx film remains 
constant. The K center defects can exist in three states:  positively charged K+ (no 
electron), negatively charged K- (two electron) or neutral K0 (one electron) defects.  
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Depending on the specific treatment (UV illumination, charging, annealing etc.) carried 
on the nitride film, the percentage of these individual charged K center defects: positively  
charged K+, negatively charged K- or the neutral K0 defects, change. The total K center 
density in the film remains constant after the treatments, but the change in individual K 
center defects can be detected by C-V and ESR measurements. While C-V measurements 
quantify the net charge (difference between positive and negative charged K defects) in 
the nitride film, ESR measurements quantify the total neutral defects (K0) in the film 
that are paramagnetic.  The positively charged K+ or the negatively charged K- defects are 
diamagnetic and therefore, do not give any ESR signal, whereas, neutral K0 defects being 
paramagnetic are detected by the ESR measurements. Therefore, as shown in Fig. 5.9, 
after illuminating the as-deposited SiNx film with high energy UV radiation, the density 
of neutral paramagnetically active K0 defects increased whereas; the density of positively 
charged K+ center defect and the negatively charged K- center defect decreased. 
 
 
Fig.5.9: Visual representation of K center charge distribution in as-deposited and 
UV illuminated SiNx film 
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5.4.3 Effect of charging on K center population 
It was explained in the previous sections 5.2 and 5.3 using C-V measurements 
that the corona charging can inject either positive or negative charges in the silicon 
nitride film due to capture of holes or electrons by the K center defects present in the 
film. Eqs. 5.1 and 5.2 show how the paramagnetic signal seen in ESR measurements 
arising due to presence of paramagnetically active K0 centers decreases when these K0 
centers capture an electron or a hole: 
 
 K 0 (↑)+e− →K −(↑↓)  5.1 
 K 0 (↑)−e− →K +()  5.2 
 
The negatively charged K− (↑↓) defects and positively charged K+ () defects carry 
two electrons and zero electrons respectively and hence, are non-paramagnetic.   
Therefore, ESR measurements were taken on samples before and after charging to 
quantify approximate number of K center defects involved in the charging process and to 
further understand the behavior of K center defects.  
First set of measurements was taken on SiNx samples that were UV illuminated 
prior to corona charging (Fig. 5.10). As expected, UV illumination increased the 
magnitude of neutral paramagnetic K0 defects in the nitride film, evident by the increase 
in ESR signal strength, from 1.24 x 1013 spins / cm2 (Test-1) to 2.31 x 1013 spins / cm2 
(Test-2), a rise of approximately 86%, as listed in Table 5.6. Further, after negative 
charging the UV treated sample (Test-3), a decrease in the ESR signal thus, indicated a 
decrease in the magnitude of K0 defects. It also showed an increase in the magnitude of 
negatively charged negatively charged K− (↑↓) defects that are non-paramagnetic. 
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Following the negative corona charging, the number of spins present in the sample 
dropped approximately 40% from 2.31 x 1013 spins / cm2 to 1.41 x 1013 spins / cm2. 
 
 
Fig. 5.10: ESR data: Effect of charging on K center density in SiNx films 
 
TABLE 5.6: ESR spin density of as-deposited, UV treated and negatively charged SiNx 
film sample 
Steps# Condition Spin density Relative change 
  (spins/cm2) (%) 
1 As deposited film 1.24 x 1013 N/A 
2 After UV treatment 2.31 x 1013 +86% 
3 After negative charging 1.41 x 1013 -40% 
 
For the second set of measurements, the as-deposited nitride samples were first 
charged and then UV illuminated. In this case too, charging the samples decreased the 
magnitude of neutral paramagnetic K0 defects present in the as-deposited film by 
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approximately 50% from 5.11 x 1013 spins / cm2 to 2.6 x 1013 spins / cm2 as listed in Table 
5.7. Further, following a 5 min UV illumination, the spin density in the sample increased 
from 2.6 x 1013 spins / cm2 to 3.54 x 1013 spins / cm2, an increase of approximately 35%. 
 
TABLE 5.7: ESR spin density of as-deposited, negatively charged and UV treated SiNx 
film sample 
Steps# Condition Spin density Relative change 
  (spins/cm2) (%) 
1 As deposited film 5.11 x 1013 N/A 
2 After negative charging 2.6 x 1013 -49% 
3 After UV treatment 3.54 x 1013 +35% 
 
 
Another mechanism through which the magnitude of individual charged K center 
defects change during charge injection process can be understood as follows: During the 
charge injection process, negative charging in this particular test, both the positively 
charged K+ (no electron) defects as well as the neutral K0 (one electron) defects can 
simultaneously capture the electrons as described by Eqs. 5.3 and 5.4. While, the first 
reaction step (Eq. 5.3) of electron capture by a positively charged K+() defect increases 
the paramagnetic signal from the sample as it generates more neutral K0 defect centers 
that are paramagnetic. On the other hand, the second step (Eq. 5.4) of electron capture 
by neutral K0 defect decreases the paramagnetic signal as it creates diamagnetic K- defect 
centers at the expense of K0 defects. It is therefore, not possible to clearly distinguish 
between the two competing charge capturing events and thus, to determine the exact 
mechanism taking place behind the increase or decrease in the spin density of the 
sample. 
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 K +()+e− →K 0(↑) Paramagnetic  5.3 
 K 0(↑)+e− →K −(↑↓) Diamagnetic  5.4 
 
However, from both of the experiments described above, the ESR results still 
conclusively prove that the K center defects are the primary charge trapping defects 
present in the silicon nitride films that can capture both electrons and holes. While 
charge injection decreases the total number of spins (neutral K centers) present in the 
film, UV illumination increases the spin density by neutralizing the injected charge. 
 
5.4.4 Time dependence of UV illumination on net charge in SiNx film 
To determine the amount of time required by the UV radiation to neutralize the 
net charge in the film, a nitride-oxide sample was subjected to UV illumination for 
certain duration of time. C-V measurements were taken at regular intervals to determine 
the flat- band voltage (VFB) and fixed charge density (Nf) in the film. The fixed charge 
density in as-deposited SiNx sample, prior to any UV treatment, was measured to be 2.9 
x 1011 cm-2. Next, the sample was subjected to negative charge injection treatment that 
resulted in a net charge density of -1.9 x 1012 cm-2 in the SiNx film (Table 5.8). The sample 
was then treated with 254 nm UV light and the C-V measurements were taken. As shown 
in Fig. 5.11, just 15 s of UV exposure started decreasing the magnitude of the negative 
injected charge.  Finally, after approximately 1 min of cumulative UV exposure, all the 
injected charge in the SiNx film was neutralized and the measured VFB of the sample was 
approximately equal to the as-deposited, pre-charged VFB. 
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Fig. 5.11: Effect of UV exposure on net injected charge in the SiNx film 
 
TABLE 5.8: Effect of UV exposure on net injected charge in the SiNx film 
Test# Condition Flat-band voltage VFB 
Fixed charge density 
Nf 
  (V) (cm-2) 
1 As deposited film -2.1 2.9 x 1011 
2 After neg. charging 9.8 -1.9 x 1012 
3 After 15 s of UV exposure 1.5 -3.9 x 1011 
4 After 30 s -0.5 -4.3 x 109 
5 After 45 s -1.2 1.3 x 1011 
6 After 60 s -2.1 2.8 x 1011 
7 After 75 s -2.0 2.7 x 1011 
8 After 90 s -1.9 2.5 x 1011 
9 After 120 s -2.0 2.7 x 1011 
10 After 180 s -2.1 2.9 x 1011 
11 After 300 s -2.1 2.9 x 1011 
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5.4.5 Effect of UV illumination on SiNx bond densities: FTIR measurements 
To understand the role and effect of high energy UV radiation on SiNx film’s 
chemical bonds, FTIR measurements were taken at room temperature on SiNx film 
samples. The aim of this experiment was to detect whether the neutralization of charges 
present in SiNx film and the subsequent increase in the spin density after UV 
illumination was due to any hydrogen bond breaking or other bonding rearrangments 
taking place in the SiNx film. Two samples were used for this experiment: (a) thermally 
grown ~ 20 nm SiO2 film on CZ-Si substrate and (b) PECVD deposited SiNx film (~ 80 
nm) on CZ-Si substrate. It should be noted that there was no thermal oxide film between 
SiNx and Si substrate for the second sample. CZ-Si substrates received standard cleans 
(RCA-B and BOE last) prior to SiO2 or SiNx deposition.  FTIR measurements were taken 
on Thermo-Nicolet 6700 FTIR system at room temperature.  128 scans were recorded 
per sample for a higher signal to noise ratio with a resolution of 4 cm-1. FTIR spectra 
were recorded on both samples (SiO2/Si and SiNx/Si) before and after UV illumination, 
and the difference in spectra (after illumination - before illumination) is given in Fig. 
5.12.  
As shown in Fig. 5.12, the FTIR spectra for both the samples show a strong 
absorbance peak at ~ 1106 cm-1. No other noticeable peak is seen in the spectra for these 
samples. The negative going absorption peak at ~ 1106 cm-1 in the difference spectra 
suggests that the absorption peak at ~ 1106 cm-1 was smaller for the spectra taken after 
the UV illumination compared to the spectra taken before UV illumination for both the 
samples. Since, the absorption peak at ~ 1106 cm-1 is present in both SiO2/ Si and SiNx/ 
Si IR spectra, it is clear that the cause for this peak is independent of the film deposited 
on the silicon substrate. 
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Fig. 5.12: FTIR spectra showing the effect of UV illumination on SiNx/Si and SiO2/Si 
samples 
 
It has been well documented in the literature [150] that the interstitial oxygen 
present in the CZ-Si substrates due to quartz crucibles used during the CZ growth 
process of the silicon boules gives a strong absorption peak at ~ 1110 cm-1 (Fig.  5.13). 
Therefore, the negative absorption peak at ~ 1106 cm-1 seen for both SiO2/Si and SiNx/Si 
difference IR spectra is most probably due to the interstitial oxygen present in the 
underlying CZ-Si substrate.  This change in absorption peak due to interstitial oxygen 
following UV illumination suggests that the UV treatment may have changed the 
concentration of interstitial oxygen atoms, possibly altering the Boron-Oxygen 
complexes present in the silicon substrates that are known to be light sensitive [151-153]. 
The difference in absorption might also be due to positional differences on the samples 
while taking FTIR measurements and the non-uniform distribution of interstitial oxygen 
concentration in the CZ-Si substrate.  
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 Fig. 5.13: Absorption coefficient of silicon at room temperature.  A: pulled from quartz 
crucible, B: prepared from float-zone technique [150] 
 
Coming back to the effect of UV illumination on bond density changes in the 
PECVD deposited SiNx films, this experiment thus showed that the high energy UV 
illumination did not induce any changes in the bonding configuration [Si-H, N-H] in the 
SiNx film. This further confirms that the charge neutralization and the increase in spin 
density in the SiNx films seen after UV illumination is not related to any breaking of 
bonds or chemical rearrangements in the nitride film. Similar results were reported by 
Kanicki et al. [108] and by Seager [109] where the nitride films were subjected to long 
UV exposures and no effect was seen on the bond arrangements in the nitride film as a 
result of UV illumination. As it has been explained in the previous sections, charge 
neutralization in the nitride film takes place due to sub- band gap absorption of UV 
radiation in the SiNx film that leads to optical rearrangement of charges. A negatively 
charged K- center releases an electron upon illumination by UV light to become neutral 
paramagnetic K0 center as shown by Eqn. 5.5. This electron is then captured by a 
positively charge K+ center to become another neutral K0 center (Eqn. 5.6). Therefore, 
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UV radiation simply rearranges the spin on K center defects to increase the density of 
neutral K0 defect centers by decreasing the density of charged (K+ or K-) defect centers in 
the SiNx film. 
 
 K −(↑↓)+hν→K 0(↑)+e−  5.5 
 K +()+e− →K 0(↑)  5.6 
 
5.4.6 Effect of UV illumination on interface defect density Dit 
It was important to investigate if the exposure to high energy UV illumination for 
charge neutralization step was damaging the interface between silicon-silicon oxide or 
silicon-silicon nitride film. Damage to the interface increases the interface defect density 
Dit (cm-2.eV-1), which in turn significantly increases the surface recombination velocity. 
Increase in the interface defect density Dit in the sample reduces the impact of field effect 
passivation brought by the surface charges and therefore, degrades the solar cell 
performance. 
High frequency (HF) CV measurements are a quick and easy way to determine 
the presence and effect of Dit. As shown in Fig. 5.14, increasing in Dit in the sample 
stretches-out the HF CV curve along the gate voltage axis. For this work, HF CV 
measurements were taken on SiN-SiO-Si sample before and after UV illumination to 
qualitatively measure the impact of UV illumination on interface defect density. As seen 
in Fig. 5.15, no such spread-out of HF CV curve was noticed for samples before and after 
UV illumination.  
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Fig. 5.14: Theoretical high frequency (HF) C-V curves for MOS-C showing the effect of Dit 
[18] 
 
 
Fig. 5.15: High frequency C-V curves for SiNx-SiO2-Si sample before and after UV 
illumination to detect Dit effect 
 
From these experiments involving UV treatment and charging of the nitride 
films, it was proved that there exists a finite population density of K centers in the 
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PECVD deposited solar-grade SiNx films, existing in all three charged forms of positively 
charged K+ centers (no electron), neutral K0 centers (one electron) and the negatively 
charged K- centers (two electrons). While charge injection process increases the 
magnitude of charged K centers (K+ or K-) at the expense of neutral K0 defect centers, UV 
treatment of the SiNx film neutralizes the injected charge and increases the magnitude of 
paramagnetically active K0 defects. A visual model of this change in individual K center 
defects after charging or UV treatment is shown in Fig. 5.16. 
 
 
Fig. 5.16: Visual representation of K center charge distribution in as-deposited, 
negatively charged, positively charged and UV illuminated SiNx film 
  
Further, while C-V measurements can only determine the net charge present in 
the film depending on the relative magnitude of these three K center defects, ESR 
measurements can quantify the magnitude of neutral paramagnetic K0 defects. 
Depending upon the treatment of the SiNx film, the density of each type of the defects 
can be changed easily and therefore, the net charge in the film can accordingly be 
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manipulated.  This ability to manipulate the charge in the silicon nitride film is of great 
technological importance particularly for the solar cell applications because it allows the 
silicon nitride films, carrying either positive or negative charges, to be applied to either 
n-doped or p-doped silicon surfaces respectively.   The charge densities in the SiNx film 
can be controlled in the right order of magnitude as required to accumulate varying 
levels of doped surfaces and thus, to minimize surface recombination as shown 
previously through PC1D simulations. 
 
5.5 Distribution of K center defects in the SiNx film  
To determine the location and distribution of K center defects and associated 
charges in the SiNx film, etch-back C-V and ESR measurements were taken on standard 
SiNx film test samples.  Etch-back C-V technique is the preferred method of determining 
the distribution of charge in the film with respect to the film thickness.  C-V 
measurements are taken as the film thickness is gradually etched. The flat-band voltage 
(VFB) when plotted against the film thickness gives an idea of the distribution as well as 
magnitude of charge in the bulk of the film. For this experiment ~ 160 nm thick PECVD 
SiNx film was deposited on a ~ 20 nm of thermal SiO2 film grown on CZ silicon substrate.  
Two set of experiments were carried out to determine the K center distribution  - the first 
experiment involved etching the 160 nm thick SiNx film into 7 samples with varying 
thicknesses and then negatively charging each one of the seven samples for an equal 
amount of time. For the second experiment, the 160 nm thick SiNx film was first 
negatively charged, cleaved into 4 smaller samples and then each of these four charged 
samples were etched for different duration of time to achieve target thicknesses. 
For the first set of experiment, the 160 nm thick SiNx film was first etched into 
seven samples with varying thicknesses and each of these seven samples was then 
negatively charged in the corona charging tool for an equal amount of time to inject 
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negative charges in the etched nitride film. C-V measurements were then taken on the 
seven samples and flat-band voltage (VFB) and fixed charge density (Nf) was calculated 
for each of them as listed in Table 5.9 and shown in Fig. 5.17 and Fig. 5.18.  
  
TABLE 5.9: Flat-band voltage (VFB) and fixed charge density (Nf) measured after 
charging etched SiNx samples 
Test# SiNx film thickness 
Flat-band voltage 
VFB 
Fixed charge density 
Nf 
 (nm) (V) (cm-2) 
1 13 0.7 -3.1 x 1011 
2 43 4.1 -1.0 x 1012 
3 65 6.8 -1.3 x 1012 
4 76 8.3 -1.8 x 1012 
5 99 11.5 -2.2 x 1012 
6 122 15.3 -2.9 x 1012 
7 155 (no etching) 20.2 -3.8 x 1012 
 
 
The purpose of this first set of experiment was to determine the location of the 
injected charge in the SiNx film after subjecting the film to charge injection process. 
Depositing a thick nitride film, etching it into samples with varying thicknesses and then 
charging them, helped eliminate the run-to-run variation in as-deposited charges in the 
nitride film and therefore, gave a better idea of the distribution of charge in the bulk of 
the SiNx film. As listed in Table 5.9, negative fixed charge density Nf was measured for all 
the SiNx film samples with varying thicknesses. This clearly indicated that the K center 
defects, that are the primary charge trapping defects, are uniformly distributed in the 
SiNx film. These uniformly distributed K centers were then converted to negatively 
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charged K- centers after charging, and the negative injected charge was spread 
throughout the bulk of the SiNx film and not just at the Si-SiNx interface.  
As the thickness of the SiNx film increases, the flat-band voltage (VFB) measured 
by the C-V technique increases quadratically. The VFB is given by Eq. 5.7 as: 
  
 VFB =φMS −
Q
f
C
ox
−
Q
it
(φ
s
)
C
ox
−
1
C
ox
x
t
ox
tox
∫ ρm(x)dx −
1
C
ox
x
t
ox
tox
∫ ρot (x)dx  5.7 
 
where, ρ(x) is the oxide charge per unit volume as a function of thickness. VFB as 
a function of film thickness x can be written as Eq. 5.8, assuming all other charges to be 
constant. 
  
 VFB =
x2
2.t
ox
.C
ox
 5.8 
 
where, ρot is the charge per unit volume uniformly distributed in the film. 
Therefore, the flat-band voltage (VFB) scales as the square of the film thickness x as 
V
FB
=
x2
2.t
ox
.C
ox
. Similarly, the fixed charge density Nf scales linearly with the film 
thickness x. Fig. 5.17 and Fig. 5.18 show the change in VFB and Nf of the SiNx film as a 
function of film thickness x.  
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Fig. 5.17: Flat-band voltage (VFB) as a function of SiNx film thickness measured after 
charging etched SiNx film samples 
 
 
Fig. 5.18: Fixed charge density (Nf) as a function of SiNx film thickness measured after 
charging etched SiNx film samples 
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For the second set of experiment, a 160 nm thick SiNx film was first deposited on 
a 6” round CZ Si substrate. The nitride film sample was then uniformly negatively 
charged in the corona discharge tool. After charging the nitride film for a certain time, 
the 6” round substrate was cleaved into four equal sized samples. The SiNx film on these 
smaller samples was then etched to achieve different target thicknesses. The charged and 
etched samples were then measured using C-V technique to determine the magnitude of 
charge remaining in the SiNx film. As listed in Table 5.10 and shown in Fig. 5.19, Fig. 
5.20 and Fig. 5.21, as the nitride film was gradually etched, the flat-band voltage (VFB) 
and the fixed charge density (Nf) of the samples also decreased. However, an important 
point to notice here is that the negative charge injected in the ~ 160 nm SiNx film prior to 
etching was present even after etching the nitride film. 
 
TABLE 5.10: Flat-band voltage (VFB) and fixed charge density (Nf) measured after 
etching charged SiNx samples 
Test# SiNx film thickness 
Flat-band voltage 
VFB 
Fixed charge density 
Nf 
 (nm) (V) (cm-2) 
1 81 4.6 -9.8 x 1011 
2 105 7.6 -1.4 x 1012 
3 124 10.8 -1.7 x 1012 
4 153 (no etching) 17.7 -2.2 x 1012 
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Fig. 5.19: Flat-band voltage (VFB) as a function of SiNx film thickness measured after 
etching charged SiNx film samples 
 
 
Fig. 5.20: Fixed charge density (Nf) as a function of SiNx film thickness measured after 
etching charged SiNx film samples 
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Fig. 5.21: C-V plot showing the variation in measured VFB of SiNx film samples 
that were first charged and then etched to get target thicknesses 
 
Two important observations can be made from the second set of experiment. 
Firstly, the charge injected in the nitride film prior to etching using the corona discharge 
tool was distributed throughout the bulk of the film evident from the measured fixed 
charge density Nf values from the etched samples. This measurement further confirmed 
the fact that the K center defects originating from specific Si-N dangling bond are 
distributed evenly in the bulk of the nitride film during the film deposition. Secondly, 
etching the charged SiNx film sample or rinsing it with DI water or IPA did not erase the 
charge present in the sample, further confirming that the injected charges are carried by 
the K center defects present in the bulk of the film and the charges thus, do not exist just 
as surface charges. 
To further confirm the presence of K centers in the bulk of the SiNx film, ESR 
measurements were taken on two samples:  one with 80 nm of SiNx film and second with 
1 μm thick SiNx film deposited on Si substrates. As shown in Fig. 5.22, the sample with 1 
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μm thick SiNx film gave a significantly larger ESR signal compared to the sample with 80 
nm thick SiNx film. As explained previously, the peak-to-peak amplitude of the ESR 
signal is proportional to the density of neutral paramagnetic K0 centers in the SiNx film. 
As listed in Table 5.11, while the 80 nm thick SiNx film sample had 1.2 x 1012 spins / cm2, 
the 1 μm thick SiNx film sample had 1.24 x 1013 spins / cm2. These ESR results thus 
confirmed the fact that the K center defects that participate in the charge injection 
process are uniformly distributed in the bulk of the SiNx films and the spin density 
increases as the thickness of the film increases.  This directly implies that a thicker SiNx 
film can carry a larger magnitude of injected charge (positive or negative) due to large 
number of K center defects present in the bulk of the thicker film. 
 
 
Fig. 5.22: ESR data: 80 nm vs. 1 μm thick SiNx sample showing the distribution of K 
centers throughout the bulk of the SiNx film 
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TABLE 5.11: ESR spin density of 80 nm thick and 1 μm thick SiNx samples 
Sample# SiNx film thickness Spin density 
  (spins/cm2) 
1 80 nm 1.2 x 101 
2 1 μm 1.24 x 1013 
 
5.5.1 New model for charge distribution in SiNx films 
There are many different and often conflicting views described in the literature 
on the distribution and location of charges present in the silicon nitride films [90-93]. 
Later, Aberle [20, 65] also proposed that the measured positive charge in the SiNx film is 
due to a constant contribution from an ultra-thin (< 2 nm) silicon oxynitride (SiOxNy) 
interfacial film along with the K+ centers present in the SiNx film (Fig. 5.23). According 
to this model, the thin native oxide film. During the initial SiNx film deposition, the thiin 
native oxide layer, grown on the silicon substrates during the time elapsed between 
cleaning the substrate and prior to the deposition of silicon nitride in the PECVD tool, is 
converted to SiOxNy film that contributes to the net positive charges measured for the 
SiNx films along with the K+ centers distributed only up-to ~ 20 nm from the interface. 
This charge distribution model suggests that the as-deposited positive charges measured 
for the silicon nitride film are located only up-to ~20 nm from the interface within the 
SiNx film. 
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Fig. 5.23: Energy band diagram of the Si-SiNx interface showing the distribution of 
positive insulator charge (+Qf) up-to 20 nm in the SiNx film [65] 
 
However, as it was proved by the experiments involving etch-back SiNx C-V 
measurements and ESR measurements that the K center defects are infact distributed 
throughout the bulk of the SiNx film and not just near the interface. Further, it was also 
shown from charge injection experiments that the charge injected in the SiNx film was 
also uniformly distributed in the bulk of nitride film and not just near the interface. The 
K center defects distributed uniformly in the bulk of the nitride film capture electrons or 
holes during charging process and thus give a net charge of the film. Therefore, as a 
result of this work, a new charge distribution model shown in Fig. 5.24 is proposed to 
enhance the understanding of K centers and associated charge distribution in the SiNx 
films. It is proposed that the small (~ 5 x 1011 cm-2) positive charge present in the as-
deposited SiNx films arises due to defects present at the SiNx-Si interface and also due to 
few positively charged K+ defect centers present in the SiNx film. Further, the bulk of the 
nitride film consists of uniformly distributed K centers, the amphoteric charge trapping 
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defects, that can exist in all three charged states: positive, negative or neutral. Since, the 
C-V measurements can only determine the net charge present in the film, it is not 
possible to exactly determine the exact density of the individual K center defects 
(positive, negative or neutral) present in the nitride film. ESR measurements, on the 
other hand, give an approximate density of neutral, paramagnetic K0 centers present in 
the nitride film that participate in the charge injection process. Still, when charge is 
injected in the nitride film through external means, this charge is uniformly distributed 
throughout the nitride film and not just near to the interface due to uniformly 
distributed K center defects. 
 
 
Fig. 5.24: New model for charge distribution in SiNx films 
 
5.6 Effect of high temperature treatments on injected charges and spin 
densities in the SiNx film 
The next sets of experiments were performed to understand the effects of high 
temperature annealing on the density of K centers present in the nitride film.  This 
particular experiment involved annealing the PECVD deposited SiNx film samples first to 
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quantify the change in charge density and the K center density due to high temperature 
treatments. The annealed samples were then charged in the corona discharge tool to 
quantify any change in charge carrying capacity of the nitride film due to annealing.  C-V 
and ESR measurements were taken to quantify the charge and spin densities present in 
the nitride film samples.  One 6” round silicon substrate with 20 nm of thermal oxide 
grown underneath the 80 nm of standard PECVD silicon nitride film was used for this 
experiment. Four quarters were then cleaved out from the 6” round substrate: A) Control 
sample (no treatment), B) Belt-furnace fired sample, C) Forming Gas Anneal sample and 
D) Nitrogen anneal sample. The Forming Gas Anneal (FGA) sample received a FGA (N2/ 
H2) treatment at 400 ºC for 20 min. Similarly, the Nitrogen anneal sample was annealed 
in N2 ambient at 400 ºC for 20 min.  To simulate the effect of actual contact firing step in 
the solar cell fabrication process, the belt furnace sample was annealed at a peak 
temperature of 835 ºC and the sample stayed underneath the high temperature zone 
approximately for 30 s. C-V measurements were taken on all the four samples at every 
step of the process: as-deposited condition, after annealing the samples and then after 
charging the samples. Similarly, for ESR measurements, 1 μm thick PECVD SiNx film 
was deposited on both sides of another 6” round Si substrate and different samples were 
then cleaved out of it and received the same treatments of annealing and charging as of 
the C-V samples. 
 
5.6.1 Effect of high temperature treatments on charge density: C-V results 
For this first set of experiment, four samples were cleaved out of a 6” round SiNx- 
SiO2-Si sample as previously explained. These four samples were measured using C-V 
technique to determine the magnitude and polarity of charge present in the film before 
and after different annealing steps. While sample A served as a control sample, sample B 
was the belt furnace fired sample, sample C was FGA annealed and sample D was N2 
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annealed sample.  After annealing the samples, negative charge was injected in all the 
samples for equal time duration and C-V measurements were taken again.   
 
TABLE 5.12: Flat-band voltage (VFB) and fixed charge density (Nf) measured on 1) As 
deposited, 2) Annealed and 3) After charging annealed SiNx samples 
Sample Condition As-deposited After annealing After charging 
  VFB Nf VFB Nf VFB Nf 
  (V) (cm-2) (V) (cm-2) (V) (cm-2) 
A Control -2.1 2.9 x 1011 -1.9 2.4 x 1011 6.4 -1.3 x 1012 
B 
Belt 
furnace 
fired 
-1.2 1.2 x 1011 -1.3 1.3 x 1011 9.0 -2.0 x 1012 
C FGA  -1.1 1.1 x 1011 -0.6 2.2 x 1010 8.2 -1.8 x 1012 
D N2 annealed -1.1 1.1 x 10
11 -0.8 4.4 x 1010 8.9 -1.9 x 1012 
 
As listed in Table 5.12, different annealing steps slightly reduced the flat-band 
voltages (VFB) of all the three samples (B, C and D) primarily due to hydrogen passivation 
of the dangling bonds and the charged K center defects present in the film. All the four 
samples were then subjected to negative charging treatment and then measured by C-V 
again.  No trend was seen after negative charging of the samples and all four of them 
carried approximately equal magnitude of negative charge within the error of the 
measurements as shown in Fig. 5.25. 
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Fig. 5.25: Flat-band voltage (VFB) measured on 1) As deposited, 2) Annealed and 3) After 
charging annealed SiNx samples 
 
5.6.2 Effect of high temperature treatments on spin density: ESR results 
To further investigate the behavior of high temperature annealing steps on spin 
densities of SiNx films, ESR measurements were taken on SiNx samples to understand 
and quantify the effects of annealing and subsequent charge injection process on the 
density of K centers present in the nitride film. For ESR measurements, 1 μm thick 
PECVD SiNx film was deposited on both sides of a 6” round Si substrate and four 
samples were then cleaved out of it.  These four samples were: A) Control sample (no 
treatment), B) Belt-furnace fired sample, C) Forming Gas Anneal sample and D) 
Nitrogen anneal sample. All the four samples were measured by ESR technique before 
annealing, after annealing and then after charge injection step.   
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As seen in Table 5.13, all the three annealed samples (B, C, and D) show a 
decrease in the total spin density in the nitride film after high temperature annealing 
steps compared to the control sample A. For instance, the ESR signal for FGA annealed 
sample C was significantly smaller compared to the ESR signal for non-annealed control 
sample A as shown in Fig. 5.26. This decrease in the ESR signal directly related to a 
drastic reduction in the spin density present in Sample C, as much as 66%, compared to 
the spin density in Sample A.  The reason for this reduction in the spin density 
(equivalent to the paramagnetic K0 defect density) in the nitride film is due to the 
passivation of the silicon-nitrogen dangling bonds (·Si≡N) by atomic hydrogen released 
by breakages of [Si-H] or [N-H] bonds due to high temperature steps.  
 
TABLE 5.13: Relative change in the measured spin densities of the SiNx film samples 
after various high temperature annealing steps 
Sample Condition Spin density Relative change w.r.t. Control sample A 
  (Spins/cm2) (%) 
A Control 5.1 x 1013 N/A 
B Belt furnace fired 4.6 x 1013 - 9 % 
C FGA  1.7 x 1013 - 66 % 
D N2 annealed 3.1 x 1013 - 40 % 
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Fig. 5.26: ESR data: Effect of Forming gas anneal on spin densities of SiNx film  
 
After annealing, all four samples were negatively charged and measured with 
ESR technique again to quantify the change in spin densities due to charge injection 
process. Table 5.14 lists the spin densities measured on each of the four samples after 
charging and the relative change in spin densities due to charging process. As it has been 
previously explained in Sect. 5.4.3 that how the neutral and paramagnetic K0 defect 
centers present in the SiNx film capture electrons or holes during charging process and 
become diamagnetic as given by Eqs. 5.9 and 5.10. This conversion of neutral, 
paramagnetic K0 defects in the SiNx film to charged, diamagnetic K+ or K- defects shows 
up as a reduction in ESR signal that translates to a decreased spin density as shown in 
Fig. 5.27.  
 
 K 0 (↑) (Paramagnetic)+e− →K −(↑↓) (Diamagnetic)  5.9 
 K 0 (↑) (Paramagnetic)−e− →K +() (Diamagnetic)  5.10 
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TABLE 5.14: Relative change in the measured spin densities of the SiNx film samples 
after charge injection process 
Sample Condition Spin density (spins/cm2) Change due to charging 
  Before charging After charging (%) 
A Control 5.1 x 1013 2.6 x 1013 - 49 % 
B Belt furnace fired 4.6 x 10
13 8.5 x 1012 - 82 % 
C FGA 1.7 x 1013 9.7 x 1012 - 44 % 
D N2 annealed 3.1 x 1013 9.8 x 1012 - 68 % 
 
 
 
Fig. 5.27: Relative change in the measured spin densities of the SiNx film samples after 
charge injection process 
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While on one hand, C-V measurements did not show any particular trend after 
charging the annealed samples; on the other hand, ESR measurements depicted a clearer 
picture of the effect of annealing and subsequent charging on the density of K center 
defects in the SiNx film. Spin densities in the SiNx film were significantly reduced as an 
effect of high temperature annealing steps and further reduced when the samples were 
charged. This behavior of K centers is useful to understand the effect of high temperature 
processing steps employed during solar cell fabrication on overall charge carrying 
capacity of the SiNx films. As a result of annealing, the K center density in the SiNx film 
decreases, which in turn limits the maximum charge density that can be carried by the 
SiNx film. 
 
5.7 Stability of injected charges in the SiNx film 
 
5.7.1 Long-term indoor stability 
The next set of experiments involved determining the long-term stability of 
injected charges in the SiNx films. For this experiment, two samples were cleaved out of a 
6” round silicon substrate with 80 nm thick standard PECVD SiNx film deposited on it. 
One sample was positively charged and the other was negatively charged in the corona 
charging tool. Flat band voltages VFB and fixed charge densities Nf of both the samples 
were then measured using the C-V tool every month to determine the stability of the 
injected charge in the SiNx film samples over a long duration of time. As shown in Table 
5.15, both the samples showed no loss of injected charge (positive or negative) up-to 12 
months after charging the samples. Both the samples were kept under normal indoor 
environment with standard room light and temperature conditions. The injected charge 
did not dissipate with exposures to the voltage sweeps during repeated measurements. 
This long term stability of externally injected charges in the standard solar grade SiNx 
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film indicates that the injected charge is spread throughout the bulk of the nitride film, 
firmly held by the K center defects.  
 
TABLE 5.15: Long term indoor stability of positive and negative injected charges in SiNx 
film 
Months Positive charge injection Negative charge injection 
 VFB Nf VFB Nf 
 (V) (cm-2) (V) (cm-2) 
0 -12.2 2.3 x 1012 10.5 -2.2 x 1012 
1 -12.6 2.7 x 1012 10.2 -2.0 x 1012 
2 -12.5 2.6 x 1012 10.4 -2.2 x 1012 
3 -12.2 2.3 x 1012 10.5 -2.2 x 1012 
4 -12.1 2.1 x 1012 10.3 -2.1 x 1012 
5 -12.5 2.6 x 1012 10.1 -2.0 x 1012 
6 -11.9 2.0 x 1012 10.4 -2.2 x 1012 
7 -12.1 2.1 x 1012 10.6 -2.3 x 1012 
8 -12.1 2.1 x 1012 10.4 -2.2 x 1012 
9 -12.4 2.5 x 1012 10.2 -2.0 x 1012 
10 -12.3 2.3 x 1012 10.3 -2.1 x 1012 
11 -12.2 2.2 x 1012 10.1 -2.0 x 1012 
12 -12.4 2.5 x 1012 10.5 -2.2 x 1012 
 
 
5.7.2 Outdoor stability: Exposure to sunlight and heat 
The next experiment to check the stability of injected charge was to expose the 
charge injected SiNx film samples to direct sunlight and then to measure the magnitude 
of charge present in the film over a period of time. For this experiment, four samples A, 
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B, C and D were cleaved out of a 6” round silicon substrate with 80 nm thick standard 
PECVD SiNx film. Sample A served as the control sample and was not charged. Sample B 
was positively charged, whereas, samples C and D were negatively charged for equal 
duration in the charging tool. The flat-band voltages (VFB) and fixed charge densities (Nf) 
were measured on these four samples using the C-V technique at three different steps: 1) 
as-deposited, prior to charging, 2) after respective charging treatments and 3) after 1 
week of sunlight exposure.  
 
 TABLE 5.16: Flat-band voltage (VFB) and fixed charge density (Nf) measured on charged 
SiNx film samples to understand the effect of sunlight exposure 
Sample Condition As-deposited After charging After 1 week of sunlight exposure 
  VFB Nf VFB Nf VFB Nf 
  (V) (cm-2) (V) (cm-2) (V) (cm-2) 
A Control -2.7 3.7 x 1011 -2.7 3.7 x 1011 -2.5 3.1 x 1011 
B Positive charged -1.7 2.0 x 1011 -13.0 2.3 x 1012 -1.3 1.1 x 1011 
C Negative charged -1.1 1.1 x 1011 10.0 -1.9 x 1012 -3.0 4.1 x 1011 
D Negative charged -1.2 1.2 x 1011 9.9 -1.8 x 1012 -2.2 2.7 x 1011 
 
The 2nd column of Table 5.16 gives the magnitude and polarity of injected charges 
in samples B, C and D prior to sunlight exposure. The samples were then kept outside 
under direct sunlight for 1 week. The total insolation per day during one week of 
exposure was 6.2 kWh/m2 with the peak daily ambient temperature of 38 ºC.  After first 
week of sunlight exposure, when the samples were measured again using C-V, the 
injected charge was no longer present in samples B, C and D. Positive injected charge in 
sample B and the negative injected charge in samples C and D got completely dissipated 
as listed in the 3rd column of Table 5.16. These results suggested that the injected charge 
that was stable over a year under controlled indoor conditions was not stable when 
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exposed to real world conditions of sunlight or heat. From the previous experiments 
involving UV treatment of SiNx films, it has been shown that the injected charges are 
neutralized only when exposed to 254 nm UV radiation. Therefore, it is possible that the 
injected charges in these samples that were subjected to sunlight were neutralized 
possibly due to the higher temperatures that the samples were subjected to and not due 
to the UV radiation present in the sunlight.  
 
5.7.3 Thermal stability: Exposure to high temperature annealing 
treatments 
To further understand the effect of temperature on the stability of injected 
charges in the SiNx films, the next set of experiments was performed, where the charged 
SiNx samples were subjected to high temperature annealing treatments. One 6” round 
silicon substrate with 20 nm of thermal oxide grown underneath the standard 80 nm of 
PECVD silicon nitride film was used for this experiment.  Four quarters were then 
cleaved out from the 6” round substrate: A) Control sample (no treatment), B) Belt-
furnace fired sample, C) Forming Gas Anneal sample and D) Nitrogen anneal sample. All 
four samples were subjected to charging process to inject negative charges in the SiNx 
film prior to the high temperature treatments. C-V measurements were taken on all four 
samples at every step of the process: as-deposited condition, after negative charging of 
the samples and then after high temperature treatment step to quantify the remaining 
injected charge in the nitride film. 
As seen from Table 5.17, the negative charging step injected approximately the 
same amount of negative charge in all four samples. However, when the samples B, C 
and D were subjected to respective high temperature steps, all the injected charge was 
completely wiped out. The control sample A was not annealed and therefore did not 
show any loss of charge. This experiment thus proved that the injected charge is unable 
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to survive high temperature processing steps like FGA or contact firing steps. During 
high temperature processing, the extra electrons or holes captured by the K center 
defects of the SiNx film, are relinquished and the sample shows loss of charge. Further, 
as shown by the previous experiments, ESR measurements also indicate that high 
temperature annealing is also responsible for the reduction of paramagnetic K center 
defects possibly due to hydrogen passivation of the dangling bonds in the nitride film. 
 
TABLE 5.17: Flat-band voltage (VFB) and fixed charge density (Nf) measured on 1) As 
deposited, 2) Negatively charged and 3) After annealing charged SiNx samples 
Sample Condition As-deposited After charging After annealing 
  VFB Nf VFB Nf VFB Nf 
  (V) (cm-2) (V) (cm-2) (V) (cm-2) 
A Control -1.9 2.2 x 1011 10.4 -2.1 x 1012 10.5 -2.1 x 1012 
B 
Belt 
furnace 
fired 
-1.0 8.8 x 1010 10.9 -2.2 x 1012 -0.7 4.2 x 1010 
C FGA  -1.2 1.2 x 1011 10.0 -2.1 x 1012 -0.9 6.2 x 1010 
D N2 annealed -1.2 1.2 x 10
11 9.7 -1.7 x 1012 -0.1 -8.4 x 1010 
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Chapter 6 
EFFECT OF SiNx CHARGE MANIPULATION ON SOLAR CELL PARAMETERS 
 
6.1 Effect of SiNx charges on minority carrier lifetime 
After understanding the properties of K center defects present in the SiNx films 
and having the ability to change the net charge of these K centers through corona 
charging and UV radiation, new set of experiments were conducted to further 
understand and quantify the effect of net charge present in SiNx films on minority carrier 
lifetime (τeff) of the silicon sample.  As previously explained in Section 2.2, fixed charges 
present at the surfaces of the sample control the surface recombination through field 
effect passivation. If the bulk lifetime of the sample is large (for FZ Si sample τbulk ~ 5 - 10 
ms) or if the samples are thin, the excess light generated carriers can have large diffusion 
lengths, allowing the carriers to diffuse to the surfaces of the samples. If the surfaces are 
accumulated or inverted by virtue of fixed dielectric charges, the recombination rate at 
the surfaces will be minimum and a higher τeff of the sample will be measured. However, 
if the surfaces are depleted and unpassivated, the carriers can now recombine through 
surface defects (Dit) and τeff will be drastically reduced. In this experiment, net charge 
present in the SiNx films deposited on both sides of either p or n-type FZ samples was 
manipulated by corona charging and UV radiation to understand and quantify its effect 
on minority carrier lifetime of the sample. 
  
6.1.1 Role of thin oxide layer 
For this experiment, a 475 µm thick, 100 Ω.cm, n-doped FZ Si sample coated with 
standard 78 nm PECVD thick SiNx film on both side was used as shown in Fig. 6.1. 
Minority carrier lifetime (τeff) was measured before and after various charging treatments 
using a Sinton WCT 120 lifetime tester tool at a specified minority carrier density of 1 x 
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1015 cm-3. τeff of the as-deposited, pre-treatment sample was 1900 µs as shown in Fig. 6.2. 
The sample was then subjected to negative corona charging on both sides to inject 
negative charges in the SiNx film. τeff was measured immediately after charging (time = 0 
min) and then regularly up-to 5 hours (time = 300 min).  
 
 
Fig. 6.1: Test structure to measure minority carrier lifetime (τeff) 
 
As shown in Fig. 6.2, immediately after negative charge injection, the minority 
carrier lifetime of the sample drastically reduced to 424 µs from the as-deposited carrier 
lifetime of 1900 µs. The reduction in τeff was due to enhanced recombination taking place 
at the surfaces that were depleted due to negative injected charge. However, as the time 
elapsed after charge injection treatment, the τeff of the sample gradually increased. The 
reason for this increase in the carrier lifetime was due to the lack of thin blocking oxide 
layer between the SiNx film and the underlying Si substrate. Due to the absence of a thin 
oxide layer underneath it, the SiNx film was unable to hold the injected charge. As a 
result of charge transition between the SiNx film and the Si substrate, all the injected 
charge gradually dissipated or leaked. The surfaces that were depleted immediately after 
charge injection slowly accumulated again due to inherent positive charge present in the 
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SiNx film and a higher τeff, approximately equal to the as-deposited case, was measured 
for the sample.  
  
 
Fig. 6.2: Effect of charge injection in SiNx film on minority carrier lifetime (τeff) 
 
The next sets of experiments were conducted on Si substrate that had a thin (~ 20 
nm) of SiO2 layer between the Si substrate and the SiNx film to block the charge 
transition. Photoconductance as well as photoluminescence (PL) measurements were 
taken on test structures after injecting either polarity (negative and positive) of charges 
in the nitride film. Test structures to measure minority carrier lifetimes were p-doped, 
480 µm thick FZ Si samples with 80 nm thick standard PECVD SiNx film deposited on 
both sides. PL measurements along with lifetime measurements were also taken on the 
same samples after every charge injection treatment to further confirm the effect of 
injected charge on surface conditions. Table 6.1 and Fig. 6.3 show the effect of various 
charge manipulation treatments on minority carrier lifetime of the sample.  
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As-deposited pre-charged sample gave a minority carrier lifetime of 800 µs. 
When negative charges were injected in the SiNx film, the minority carrier lifetime 
increased significantly to 2147 µs, giving an approximate effective surface recombination 
velocity (Seff) of 11 cm/s. Negative charges on a p-doped Si sample accumulated the 
surfaces and reduced the surface recombination. The same sample when subjected to 
positive charge injection gave a minority carrier lifetime of 462 µs, equating to a Seff value 
of 51 cm/s. This deterioration of minority carrier lifetime following positive charge 
injection was due to depletion / weak inversion of surfaces. In the end, the sample was 
illuminated with UV radiation and the measured τeff was just 84 µs equating to a Seff of 
285 cm/s. UV illumination annihilated all the charge, positive or negative, in the nitride 
film and the surfaces were nearly at flat-band, maximizing the surface recombination 
and reducing the minority carrier lifetime of the sample. 
 
TABLE 6.1: Minority carrier lifetime τeff as a function of charge manipulation in SiNx film 
Test# Process step τeff Seff 
  (µs) (cm/s) 
1 As deposited 800 30 
2 Negative charging 2147 11 
3 Positive charging 462 51 
4 UV illumination 84 285 
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Fig. 6.3: Minority carrier lifetime τeff as a function of charge manipulation steps in SiNx 
film 
 
Photoluminescence (PL) measurement works on the principle of creating excess 
carriers in the bulk of the sample substrate through photo-generation and then capturing 
the radiative recombination events of these excess carriers through an Infrared camera. 
If the primary recombination mechanisms of these carriers generated in the sample are 
either due to defects present either in the bulk or at the surfaces (SRH recombination), 
the radiative recombination is significantly reduced and the image captured by the IR 
camera is dark. On the other hand, samples with higher bulk lifetimes and well 
passivated surfaces show up as a bright PL image.  
For this experiment, PL images were taken on the p-FZ sample with SiNx film 
deposited on both surfaces after negative or positive charge injection. When negative 
charges were injected in the nitride film, the surfaces were accumulated with majority 
holes present in the p-type FZ silicon sample and the Seff decreased due to significant 
decrease in surface recombination activity.  The PL image of the accumulated sample 
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after negative charge injection as shown in Fig. 6.4 indicates that the surface 
recombination is dramatically reduced leading to a bright IR image. On the other hand, 
injecting positive charges in the same nitride film sample led to depletion and weak 
inversion conditions at the surfaces that increased the surface recombination and gave a 
darker PL image also shown in Fig. 6.4. Changing the net polarity of the fixed charge in 
the nitride film changed the surface conditions from accumulation to 
depletion/inversion that further led to changes in the surface passivation. This 
experiment thus proved that the net charge present in the SiNx films can be manipulated 
to either polarity and their effect on surface passivation can then be easily measured 
using photoconductance and photoluminescence techniques. 
 
            
Fig. 6.4: Photoluminescence (PL) images taken on p-doped FZ Si substrate with SiNx 
film deposited on both surfaces show accumulation (left) and inversion/depletion (right) 
conditions after injecting negative and positive charges respectively in the SiNx film 
 
6.1.2 Effect of UV radiation on minority carrier lifetime  
The aim of the next set of experiments was to quantify the effect of annihilation of 
charges present in SiNx films due to UV illumination by measuring the change in 
minority carrier lifetime τeff of the sample. As previously explained, high energy UV 
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radiation can annihilate / neutralize the as-deposited or injected charges present in SiNx 
films through a process known as Photobleaching  [106, 107]. It was also shown in 
Section 5.4 through C-V measurements as how the UV illumination can neutralize the 
injected charge in the SiNx films. Further, ESR measurements showed that UV 
illumination increases the density of neutral, paramagnetic K0 defect center in the nitride 
film at the expense of positively charged K+ or negatively charged K- defect centers.  
For this experiment, a 675 μm thick, 10-15 Ω.cm, DSP, p-FZ Si wafer was used. 
78 nm thick standard PECVD SiNx film was deposited on top of ~ 20 nm thick SiO2 film 
on both sides of the wafer to create a test structure for minority carrier lifetime 
measurements. Two samples were then cleaved out of the wafer: Sample-1 for injecting 
negative charges and Sample-2 for injecting positive charges in the nitride film. Both the 
negatively charged and the positively charged samples were further divided in two 
smaller samples each, where one of the samples was subjected to 254 nm UV and the 
other sample was subjected to 365 nm UV radiation. Minority carrier lifetime τeff of the 
samples was measured at a specified carrier density of 1 x 1015 cm-3 immediately after 
charge injection and then regularly during the UV illumination process to measure the 
effect of UV illumination on surface charges and surface recombination. 
Minority carrier lifetime τeff measured for Sample-1 immediately after negative 
charge injection was 384 μs, giving an approximate Seff of 88 cm/s. The sample was then 
cleaved into two smaller samples: 1A and 1B. Sample 1A was illuminated with 254 nm 
UV light source and Sample 1B was illuminated with 365 nm UV light source. As shown 
in Fig. 6.5 and listed in Table 6.2, the τeff measured for Sample-1A, subjected to 254 nm 
UV radiation, quickly decreased and eventually stabilized at 85 µs after a cumulative UV 
exposure time of 600 s. On the other hand, τeff measured for Sample-1B, exposed to 365 
nm UV light, did not show any change. The reason behind this behavior is primarily due 
to the different energies of photons from the two UV light sources.  While on one hand, 
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the 254 nm UV light with photons of energy ~ 4.9 eV was able to neutralize the injected 
negative charge in the SiNx film, on the other hand, photons of ~ 3.4 eV energy present in 
the 365 nm UV light were not able to neutralize the charge. As 4.9 eV UV photons 
present in 254 nm UV gradually annihilated the injected charges, the surfaces of the p-
doped Si sample that were under accumulation before UV illumination, eventually 
moved to depletion or flat-band conditions after UV exposure. The recombination at the 
depleted surfaces increased, thereby, decreasing the τeff of the sample. No such effect was 
noticed for 365 nm UV illumination on Sample-1B. 
 
 
Fig. 6.5: Effect of UV exposure on minority carrier lifetime of p-FZ Si sample for negative 
charge injection in the SiNx film 
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TABLE 6.2: Effect of UV exposure on τeff and Seff of p-FZ Si sample for negative charge 
injection in the SiNx film 
Test# 
Cumulative 
UV exposure 
time 
245 nm UV 365 nm UV 
  τeff Seff τeff Seff 
 (s) (µs) (cm/s) (µs) (cm/s) 
1 0 384 88.5 390 87.2 
2 60 366 92.9 388 87.6 
3 120 343 99.1 380 89.5 
4 180 313 108.6 385 88.3 
5 240 266 127.8 380 89.5 
6 300 239 142.3 385 88.3 
7 360 196 173.5 379 89.7 
8 420 151 225.2 377 90.2 
9 480 125 272.0 387 87.9 
10 540 95 357.9 377 90.2 
11 600 86 395.3 375 90.7 
12 660 85 400.0 376 90.4 
 
Similarly, positive charges were injected in the SiNx film on Sample 2 cleaved out 
from the same original p-FZ wafer. The sample was then further cleaved in two smaller 
samples: Sample-2A subjected to 254 nm UV and Sample-2B subjected to 365 nm UV 
light and the carrier lifetime τeff in the sample was measured. In this case too, results 
similar to those measured on Samples-1A and 1B were observed, as shown in Fig. 6.6 and 
in Table 6.3. While 254 nm UV illumination annihilated the positive injected charges in 
Sample-2A and moved the surfaces of the sample from strong inversion to flat-band / 
depletion condition giving rise to higher surface recombination and lower τeff, 365 nm 
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UV radiation, on the other hand, had no such effect on the minority carrier lifetime of 
the Sample 2B. 
 
 
Fig. 6.6: Effect of UV exposure on minority carrier lifetime of p-FZ Si sample for positive 
charge injection in the SiNx film 
 
This experiment, therefore, showed that only specific very high-energy (~ 4.9 eV 
or higher) photons could neutralize or annihilate the charges injected in the SiNx films 
and therefore, degrade the field effect passivation created by the injected charges. Lower 
energy photons, such as those present in 365 nm UV cannot neutralize the injected 
charge and will have no effect on the minority carrier lifetime of the sample. Further, as 
shown Section 5.4, such high energy photons (corresponding to 254 nm radiation) are 
absent in the AM 1.5 G solar spectrum. The PV glass covering the solar cells in the 
modules also blocks the high energy UV spectrum up-to 300 nm. Therefore, the charges 
(positive or negative) once injected in the SiNx films should remain stable over a long 
duration of time when exposed to sunlight. 
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TABLE 6.3: Effect of UV exposure on τeff and Seff of p-FZ Si sample for positive charge 
injection in the SiNx film 
Test# 
Cumulative 
UV exposure 
time 
245 nm UV 365 nm UV 
  τeff Seff τeff Seff 
 (s) (µs) (cm/s) (µs) (cm/s) 
1 0 335 101.5 336 101.2 
2 60 327 104.0 323 105.3 
3 120 310 109.7 320 106.3 
4 180 258 131.8 328 103.7 
5 240 196 173.5 324 104.9 
6 300 128 265.6 328 103.7 
7 360 99 343.4 323 105.3 
8 420 94 361.7 325 104.6 
9 480 94 361.7 321 105.9 
 
 
6.2 Charge assisted surface passivation on solar-grade CZ Si substrates 
All the previous lifetime measurement experiments involving charge 
manipulation in the SiNx films were conducted on thick (~ 480-680 µm), polished, FZ Si 
substrates.  To integrate the SiNx charge manipulation technique into standard silicon 
solar cell fabrication process, typical 180 µm thick, 156 mm x 156 mm, CZ, p- and n-
doped, mono –Si substrates were used for this experiment. The aim of this experiment 
was to determine the effectiveness of externally injected charges in SiNx film, deposited 
on cleaned and textured standard solar substrates, to minimize the surface 
recombination activity. 
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For this experiment, both p- and n-doped, solar grade CZ Si substrates were used. 
The p-doped CZ substrates were as-cut, 180 µm thick, Boron doped, 1-3 Ω.cm wafers, 
whereas, the n-doped Si substrates were 180 µm thick, Phosphorus doped, 1-5 Ω.cm 
wafers. Prior to charging treatments, all the samples went through standard texturing 
and cleaning processes. The samples were textured in KOH solution at 80 °C followed by 
RCA B and 10:1 BOE cleans. Once the substrates were textured and cleaned, 20 nm of 
SiO2 followed by 80 nm of SiNx was deposited on both sides of the Si substrates in the 
PECVD tool to create the lifetime measurement test structures. After deposition, the 
substrates were annealed in FGA at 400 °C for 20 min. Finally, the SiNx film deposited 
on p-doped CZ Si sample was negatively charged and similarly, for n-doped CZ Si 
sample, the SiNx film was positively charged using the corona charging tool.  Minority 
carrier lifetimes (τeff) of both p-doped and n-doped samples were measured at various 
stages: 1) immediately after film deposition, 2) after FGA annealing and 3) after charging 
the SiNx film to determine the effectiveness of charge assisted passivation on solar grade 
substrates. The carrier lifetime was measured in QSS mode at a specified minority 
carrier density of 1 x 1o15 cm-3.  
Fig. 6.7 and Fig. 6.8 show the measured effective lifetime (τeff) of p-CZ and n-CZ 
Si samples respectively. As shown in Fig. 6.7, the as-deposited τeff measured for p-CZ 
sample was only 2.8 µs that improved to 33 µs after annealing the sample due to 
hydrogen passivation of the interface defects. However, after negative charging of the 
SiNx film, the τeff further improved by over an order of magnitude to 252 µs, indicating 
very low surface recombination activity. Similar behavior was seen on n-CZ sample with 
positive charge injected in the SiNx film (Table 6.4). This improvement in minority 
carrier lifetime of the samples after external charge injection in SiNx films shows as how 
the charge induced field effect passivation plays a crucial role in improving the effective 
lifetime over chemical passivation, by inducing accumulation of majority carriers at the 
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surfaces and thus minimizing the surface recombination. For the case of p-doped CZ Si 
sample, the measured τeff of 252 µs is almost equal to the bulk lifetime τbulk of the sample, 
implying that the surface recombination velocity was almost zero due to accumulation of 
carriers brought by externally injected charges in the SiNx film. 
  
 
Fig. 6.7: Effective lifetime (τeff) vs. carrier density (Δn) for p-type CZ Si sample measured 
1) after deposition, 2) after FGA anneal and 3) after negative charging of SiNx film 
 
TABLE 6.4: Effective lifetime (τeff), implied VOC, and saturation current density J0 for p-
type and n-type CZ Si samples measured 1) after deposition, 2) after FGA anneal and 3) 
after charging the SiNx film 
Test# Condition p-type CZ n-type CZ 
  τeff Implied VOC τeff Implied VOC 
  (µs) (mV) (µs) (mV) 
1 As-deposited 2.8 542 2.5 520 
2 FGA annealed 33 612 28 592 
3 After SiNx charge injection 252 677 379 664 
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Fig. 6.8: Effective lifetime (τeff) vs. carrier density (Δn) for n-type CZ Si sample measured 
1) after deposition, 2) after FGA anneal and 3) after positive charging of SiNx film 
 
Fig. 6.9 shows the photoluminescence (PL) images taken on the n-type CZ 
sample before and after positive charge injection in the SiNx film. As seen from the PL 
images, injecting charges in the SiNx films significantly improved the carrier lifetime in 
the Si substrate due to reduced surface recombination as a result of accumulation of 
majority carriers at the surfaces. Another important point to notice here is that the as-
deposited SiNx film is known to carry approximately 5 x 1011 cm-2 of positive fixed 
charges. However, those positive charges were not sufficient enough to induce strong 
accumulation of majority electrons at the surfaces in n-CZ Si sample and the measured 
carrier lifetime was low (~ 28 µs). After injecting a higher amount of positive charges 
through corona charging tool, the minority carrier lifetime improved by over an order of 
magnitude due to dramatic reduction of surface recombination brought by the positive 
injected charges in the SiNx film.  
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Therefore, these experiments thus proved the effectiveness of charge injection 
process for minimizing surface recombination for standard p-type as well as n-type solar 
grade Si substrates. The improvement in carrier lifetime due to externally injected 
charges in the SiNx film can significantly improve the overall cell performance. 
 
 
 
 
Fig. 6.9: Photoluminescence images taken on n-type CZ before (top) and after (bottom) 
positive charging of SiNx film 
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Chapter 7 
PERFORMANCE ANALYSIS OF 15 MWP GRID CONNECTED DISTRIBUTED 
PV SYSTEMS INSTALLED AT ARIZONA STATE UNIVERSITY CAMPUS 
 
7.1 Introduction 
As the world population continues to increase above 7 billion, there is an ever-
increasing demand for essential necessities like food, water and electricity. As the 
primary sources of fuel for the generation of electricity are coal and natural gas, this 
higher demand for electricity ultimately leads to increased green house gas (GHG) 
emissions (especially CO2) into the environment. Electric Power Annual 2009 report 
[154] released by the US Energy Information Administration (EIA) states that about 69% 
of the total electricity generated in 2009 in the United States came from coal, petroleum, 
and natural gas fired power plants. This dependence on fossil fuels led to a total of 2.3 
billion metric tons of CO2 emissions in 2009 from both electricity generation and 
production of thermal output. The advantage of renewable electricity generation 
resources, especially Photovoltaic (PV) systems, over conventional power plants is that 
they do not emit CO2 and other GHGs during operation. However, it is important to 
accurately measure the PV generated electricity to analyze and quantify the reductions in 
CO2 emissions and peak load offset. The electricity load demand can be divided into 
baseline, intermediate and peak load. Traditionally, coal and nuclear power plants 
handle the baseline electricity loads and the quick response natural gas fired plants 
handle intermediate and peak demand loads. In some cases, a PV system’s generation 
cycle matches that of a daytime peak electricity demand cycle i.e. the peak generation 
from a PV system coincides with the daily peak electricity load. Large scale grid 
connected PV power plants can offset the peak electricity demand by closely matched 
generation cycles and reduce the necessity of firing natural gas fired power plants. 
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Arizona State University (ASU) has added more than 15 MWp of PV systems over 
the past two years on its campus buildings and parking structures, the majority of them 
at the Tempe campus [155]. As per the Carbon Neutrality Action Plan report [156] 
published by ASU in 2010, approximately 75% of the total 308,226 metric tons of CO2 
emissions from the university were due to electricity purchased from local utility 
companies generated from fuel sources such as coal, natural gas and nuclear. The aim of 
this work was to analyze the impact of PV generated electricity on the university’s 
electricity demand and its ability to reduce the CO2 emissions. The results from this 
study can help understand the bigger picture of how utility scale PV systems can reduce 
the dependence on gas or coal fired plants. In previous studies, data from a simulated PV 
system was used instead of real or actual measured electricity data to analyze the impact 
of PV generated electricity on peak demand reduction. Rahman and Kroposki [157] 
analyzed the demand side management applicability of three small-scale roof top PV 
arrays for a typical university building’s peak load. Similarly, Denholm and Margolis 
[158] simulated the impact of large-scale PV generation, capable of generating up to 50% 
of the demand, on traditional electric power system’s existing infrastructure.  
We analyzed ASU’s grid connected PV (15 MWp) systems in terms of their 
capability to offset the peak electricity demand using real time data. We report the 
reduction in CO2 emissions for a period of one year from the PV system generated 
electricity. Capacity factors of various PV systems were calculated to determine the 
effects of seasons, module technologies (crystalline silicon, thin film), tracking (fixed tilt, 
single axis tracking), and component failures on PV system performance. Further, we 
simulated one campus system using the System Advisor Model (SAM) to determine the 
variations in system’s capacity factor due to different orientations (fixed, latitude tilt, 
tracking) and compared results with the real measured capacity factor of the system. 
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7.2 Methodology 
The Campus Metabolism (CM) project at ASU monitors the real time energy 
usage and groups the data into different categories of heating, cooling, electricity used 
and electricity generated by PV systems. For most of the buildings, the electricity load 
does not include the cooling load as the building cooling is maintained by circulating 
chilled water from a central storage plant. The electricity data is available for individual 
buildings as well as for the entire campus for any particular period down to 15 min 
intervals. Meteorological data (solar radiation, ambient temperature, wind speed etc.) 
from a weather station located on campus is also available for the same time intervals.  
 
7.3 Results and analyses 
7.3.1 Peak load offset 
We selected two separate scenarios to determine the peak electric load offset by 
the PV systems. For the first scenario, we analyzed the ability of a single PV system to 
offset the electricity demand (no cooling load) of a typical university building. For this 
purpose, we chose a 110 kWp PV system installed on the roof of a classroom building. The 
electricity load from this particular building resembles a typical office building and is 
different from the other general set of residential halls, libraries or parking structures on 
campus. The peak electricity demand for residential halls or libraries occur during 
evenings and nights when the classes are over and therefore, such buildings do not show 
a typical weekday electricity demand curve that peaks during the afternoon and when the 
electricity generated from the PV system is highest. Fig. 7.1 shows electricity consumed 
(load), PV electricity generated and net (electricity consumed – PV electricity generated) 
curves on a typical workday for the classroom building. The demand for electricity 
gradually increased from 6 am and peaked during the afternoon hours. The close match 
between the electricity demand curve and the PV generated electricity flattened the 
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demand peak. The electricity generated from the 110 kWp PV system was able to offset 
about 50% of the peak electricity demand from 150 kWh to 70 kWh.  
 
 
Fig. 7.1: Peak load shaving by a 110 kWp PV system at a classroom building 
 
For the second scenario of peak load offset, we measured the combined peak load 
offsetting by all the PV structures on the whole campus. The total electricity consumed 
for the campus was the summation of electricity used by the individual structures being 
monitored and recorded. Similarly, the total PV generation was the summation of 
electricity generated by all the PV systems on Tempe campus. We analyzed the electricity 
consumed and PV electricity generated for every hour on a weekend (Sunday) and 
weekday (Monday) for three different seasons.  
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Fig. 7.2: Peak load shaving by total PV generated electricity at ASU’s Tempe campus on a 
weekend and weekday for (a) winter (January), (b) rainy day (July) and (c) summer 
(August) season 
 
As shown in Fig. 7.2, the total electricity consumed on campus was significantly 
higher on a workday during a week as compared to a weekend. Since the total PV 
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generated electricity remains almost equal on Sunday and Monday, the PV systems were 
able to offset a higher percentage of the peak electricity consumed on campus on a 
weekend. In Fig. 7.2-a, the effect of PV electricity generation on the peak electricity 
demand load during winter season is shown. For the case of overcast skies and rainy 
days (Fig. 7.2-b), reduced electricity generation from the PV systems made them 
ineffective for load offset. However, rainy days are rare occurrences in Arizona during a 
calendar year and therefore, the PV systems effectively perform for more than 340 days 
per year. Fig. 7.2-c shows the peak load shaving during summer season. Both the 
electricity demand and PV electricity generation were higher in summer than in winter. 
A much lower peak now occurs in the late afternoon during both summer and winter. 
With the current installed capacity, the PV systems on campus are able to offset about 
18-20% of the peak electricity demand for the campus. 
 
7.3.2 Effect of dust storms 
In 2011, Tempe and Phoenix metropolitan area witnessed occurrences of massive 
dust storms during the months of July to November. The largest dust storm on July 5th 
2011 made headline news worldwide, limited the visibility to zero and coated every 
object in its way with a thick layer of dust (Fig. 7.3). We analyzed the effect of high profile 
dust storms, as distinct from long-term dust accumulation, on the performance of PV 
systems. Since the presence of dust reduces the amount of sunlight incident on the PV 
modules, the effect of dust storms on PV systems can be severely degrading. 
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Fig. 7.3: Exceptionally large dust storm in Phoenix on July 5th 2011 that reduced the 
visibility to zero and coated every object with a thick layer of dust (Image courtesy: Mike 
Olbinski)  
 
A significant amount of research has been done in the past to understand and 
quantify the degradation of PV module output due to accumulation of dust. El – 
Shobokshy and Hussein [159-160] carried out systematic experiments to quantify the 
effects of five different kinds of dust on the output of PV cells. They emphasized three 
important parameters of dust namely, dust material, particle size and accumulated dust 
density (g/m2) to accurately estimate the cell output losses. Zorilla – Casanova and co-
workers [161] calculated the mean daily energy loss due to accumulated dust of flat plate 
PV collectors to be 4.4%. However, for long dry spells between rains, the losses can be 
even larger than 20%. They also found that intermittent rainfall, even less than 1 mm, is 
enough to clean the dust accumulated on the PV module and significantly reduce the 
soiling losses. Similar results were reported by Hammond et al. [162] on the 
performance degradation by accumulated dust on radiometers and fixed tilt, single and 
double axis tracking systems. They also reported that the output power of modules 
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regularly recovered to with 1% of the rated power after slight intermittent rain (~ 5 mm). 
However, it is still suggested that the fixed tilt system be cleaned frequently for cost 
benefits. Mani and Pillai [163] have summarized past research on the impact of dust on 
module performance. They point to few areas, for example, properties of natural dust, 
geographic location, wind direction, system tilt among others that still need to be 
explored to clearly understand the impact of dust. Dust storms in Arizona result due to 
strong monsoon winds particularly during June – September. These dust storms are 
usually followed by strong thunderstorms and brief periods of rain.  
For our analysis, we chose two different PV systems (20° fixed tilt) installed on 
campus buildings (Building A and B) for the period of July 3rd to July 12th, 2011. The 
modules were relatively clean after a small thunderstorm and rain on May 18th, 2011 
prior to the July 5th dust storm. We calculated the change in system efficiency by dividing 
the daily AC electricity output (kWh) by the product of irradiance (kWh/m2) and total 
module area (m2).  
 
 
Fig. 7.4: Effect of dust storm (July 5, 2011) and rain (July 10, 2011) on the performance 
of two PV systems 
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Fig. 7.4 shows that the performance of the systems dropped approximately by 4-
5% absolute on the day after of the dust storm (July 6th).  The dust from Phoenix area 
storm is typically a fine dry material that can be quite thick but does not adhere well and 
therefore, can be easily removed by wind or rain [164]. The dust storm was followed by a 
light rain (less than 5 mm) on the night of July 10th that cleaned off the accumulated dust 
on the modules. As expected, both the systems gave higher performances on July 11th 
(Fig. 7.4).   
To verify that the performance degradation was only due to the dust storms and 
not from the variations in temperature, we compared the performance ratio (PR) of one 
of the PV system with back of the module temperature for the same time period. 
Performance ratio, given by Eq. 7.1, is a metric to quantify overall effect of losses on a 
system’s rated output. The losses can be due to irradiance, component failures, system 
downtime, module mismatch or soiling. 
 
 Performance Ratio (PR)=
net system energy output (kWh)
rated system DC capacity (kW )
total in− plane irradiance (kWh /m2)
reference irradiance (1kWh /m2)
 7.1 
 
As shown in Fig. 7.5, the module temperature over the period of analysis did not 
show large variations to bring the noticed drop in the performance of the PV system on 
July 6th. Further, it is also clear that the small amount of rain on July 10th was enough to 
clear off the dust and bring up the system performance again. 
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Fig. 7.5: Variations in performance ratio (left axis) and module temperature (right axis) 
of a PV system during July 3-12, 2011 
  
7.3.3 Approximate yearly reductions in CO2 emissions 
In order to determine the potential impact of this large scale PV installation on 
the environment, we calculated the approximate yearly reduction in CO2 emissions due 
to the PV generated electricity. The total PV generated electricity from all the systems 
installed at Tempe campus over a period of 1 year (July 1st 2011 – June 30th 2012) was 
13.13 x 106 kWh. The Emissions & Generation Resource Integrated Database (eGRID) 
U.S. total annual CO2 equivalent output emission rate for 2009 [165] was used to convert 
PV generated kilowatt-hours into equivalent carbon dioxide emissions units. The US 
annual total CO2 emission rate is 5.543 x 10-4 metric tons of CO2/kWh. The total CO2 
emission rate for the local sub-region AZNM (Arizona New-Mexico) grid is 5.425 x 10-4 
metric tons of CO2/kWh, which is nearly the same as the US annual total CO2 emission 
rate. Multiplying the total annual PV generated electricity (13.13 x 106 kWh) with the US 
annual total CO2 emission rate gives approximately 7300 metric tons of equivalent CO2 
emissions that were reduced over the year. 
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7.3.4 Capacity factors 
PV systems are also compared with other electricity generation systems in terms 
of capacity factors. Capacity factor for a system of a certain size is defined as the ratio of 
total energy produced by the system over a period of time to the energy it could have 
produced running continuously over that period of time at its rated capacity. A report 
[166] published by National Renewable Energy Laboratory (NREL) estimates the 
capacity factors for a typical nuclear, coal and PV power plants as approximately 90%, 
85% and 22% respectively. To get a better idea for the differences in capacity factors of 
diverse electricity generation sources, we calculated the monthly capacity factors for the 
Palo Verde nuclear power plant for a period of one year (Jan 1st 2010 - Dec 31st 2010) as 
shown in Fig. 7.6.  The Palo Verde nuclear power plant located about 50 miles West of 
Phoenix, AZ is the largest nuclear power plant in the United States rated at 3942 MW. 
The average capacity factor for this nuclear power plant for the year 2010 was 90.4%.  
 
 
Fig. 7.6: Monthly AC electricity output and capacity factors for Palo Verde nuclear power 
plant 
 
  
 
 
139 
We then calculated the capacity factors for some of the PV systems installed on 
the university buildings are given in Table 7.1. We calculated the monthly capacity 
factors by dividing the monthly total AC electricity energy generated from the PV system 
by the product of the system size and total number of hours in that particular month. 
The table also gives the system ratings, tracking type (fixed vs. single axis tracking), and 
module type (thin film vs. poly silicon). All the fixed tilt systems are south facing systems 
tilted at 20-degree from the horizontal, instead of the conventional latitude tilt (33 
degree for Phoenix, AZ) to minimize the effect of wind load on PV modules. Average 
annual capacity factors for PV systems installed at ASU campus. The average capacity 
factor for a fixed tilt poly-silicon system is approximately 20.3%, lower than that for 
single axis tracking poly-silicon system with capacity factor of 23%. The low capacity 
factor of 18.5% for Building F poly-silicon PV system compared to a similar system at 
Building E is due to intermittent component failures.  
 
TABLE 7.1: Average annual capacity factors for PV systems installed at ASU campus 
Building System size System type Module type Annual Capacity factor 
 (kW)   (%) 
A 161 Fixed Poly-Si 20.3 
B 80 Fixed Poly-Si 20.3 
C 70 Fixed Poly-Si 20.1 
D 108 Fixed CdTe thin film 19.4 
E 76 Fixed Poly-Si 21.0 
F 42 Fixed Poly-Si 18.5 
G 880 1-axis tracker Poly-Si 23.0 
H 711 1-axis tracker Poly-Si 22.4 
I 23 Fixed Poly-Si 20.4 
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Fig. 7.7 shows the typical variation in monthly capacity factors for a 711 kWp 
single axis tracking poly-silicon system installed on a building. The capacity factors were 
as high as 31% during the months of May and dropped to 10% in December. As the 
incident solar irradiance reduces in winter months, the system output and therefore, the 
capacity factor drops. Capacity factor drops during the months from June to August due 
to reduced system output as a result of increased cell temperature. The poly-silicon solar 
cell has a negative temperature coefficient of power of approximately -0.5%/°C, which 
significantly reduces the system output during hot summer months of June-August. The 
difference between the capacity factors of a nuclear power plant and a PV system arises 
due to the simple fact that the sun shines only for certain number of hours per day, 
which significantly limits the output of PV systems. The negative effect of temperature 
on system output, non optimal sun tracking, inverter losses, balance of system losses, 
system downtimes all contribute to further lower the PV system’s capacity factor.  
 
 
Fig. 7.7: Monthly AC electricity output and capacity factors for a single axis tracking PV 
system installed at ASU campus 
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7.3.5 Simulated vs. real capacity factors 
In order to further determine the effect of tracking systems on PV system’s 
capacity factor, we decided to simulate a PV system using the System Advisor Model 
(SAM) made available by National Renewable Energy Laboratory (NREL). SAM is used 
to simulate and predict the annual performance of a PV system for various input 
parameters of module and inverter technologies, location, meteorological data and 
financial conditions. For this work, we designed a PV system using SAM that was 
equivalent to one of the PV systems (70 kWp) installed at the university that uses poly-
silicon modules fixed at 20-degree tilt. For the simulation, we varied the system 
mounting for four different cases: fixed 20-degree tilt, fixed latitude tilt (33-degree), 
single axis, and double axis tracking. TMY3 meteorological data was used as the input to 
the simulator to calculate the monthly AC electricity output for the four cases. Using the 
AC electricity output, we calculated the simulated capacity factors for the system and 
compared it with the actual measured capacity factors obtained under real conditions.  
As shown in Fig. 7.8, actual measured system capacity factors closely match the 
simulated capacity factors and the minor differences arise due to variations between 
actual and TMY3 meteorological conditions. Another important point that can be noticed 
from Fig. 7.8 is that the average yearly capacity factor is equal for a system fixed at 20-
degree tilt or at latitude 33-degree tilt at 20%. The general trend for mounting a PV 
system at a given location is to fix the tilt of the system at that location’s latitude. Our 
analysis shows that even though the latitude tilt system performs better (higher capacity 
factor) during the winter months (October – March), the 20-degree tilt system 
outperforms it during the rest of the year (April- September). While the fixed 20-degree 
tilt system’s average yearly capacity factor was only 20%, switching to a two axis tracking 
system significantly improved the system capacity factor to 28%. However, there is a 
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very minor difference between average yearly capacity factors from a single axis and a 
two-axis system.   
 
 
Fig. 7.8: Simulated and actual monthly capacity factors for a 70 kWp PV system installed 
at ASU campus 
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Chapter 8 
CONCLUSION AND FUTURE WORK 
 
8.1 Conclusion 
In this work, the properties of the charges present in the SiNx films are studied. 
These charges are known to originate from specific silicon-nitrogen dangling bonds 
(·Si≡N), known as K center defects. The K centers, being the primary charge trapping 
defects can exist in three different charged states: positively charged K+ (), neutral K0 (↑) 
and negatively charged K− (↑↓) defect, carrying zero, one and two electrons respectively 
on the dangling bond. Corona charging technique was used to externally inject positive 
or negative charges in the SiNx film and therefore change the polarity of the charges in 
the film. This way, SiNx film can be applied to both n-doped as well as p-doped Si 
surfaces. C-V measurements showed the presence of net negative charges (~ -7 x 1012 cm-
2) after negative charging treatment and net positive charges (~ +5 x 1012 cm-2) after 
positive charging treatment of the SiNx film. High energy (~ 4.9 eV) UV radiation was 
used to neutralize and control the net charge density in the SiNx film.  
Electron Spin Resonance (ESR) technique was used in addition to C-V technique 
in understanding the overall charge distribution picture in the SiNx film. While, the C-V 
measurements could only give the net charge density (positive or negative) in the SiNx 
film, ESR measurement were used to detect and quantify the neutral K0 defect density of 
the film. ESR measurements showed the presence of neutral, paramagnetically active, K0 
defects in as deposited SiNx films that enabled positive or negative charging of the film. 
ESR measurements were also taken to quantify the effect of UV illumination and high 
temperature annealing treatments on SiNx film. While UV treatment increased the 
density of neutral K0 defects by as much as 86%, both charging treatment and FGA 
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annealing decreased the K0 density by 50% and 66% respectively, indicating that the K 
centers were indeed participating in the charging processes.  
Based on the observations, a new model for charge distribution in the SiNx films 
was proposed in this work. This model suggests the presence of K centers throughout the 
bulk of the SiNx film and not just at the SiNx – Si interface. Using etch-back C-V and ESR 
measurements, it was shown that after the charging treatment, the externally injected 
charges were uniformly distributed in the bulk of the SiNx film. Rinsing the SiNx film did 
not have any impact on the magnitude of the charges. The externally injected charges in 
the SiNx film were found to be stable up-to a year in indoor environment at room 
temperature. However, high temperature treatments (annealing, contact firing) were 
found to completely wipe out the injected charges.  
Lastly, SiNx films deposited on either sides of textured and cleaned p-doped as 
well as n-doped, standard, 180 µm thick, solar grade CZ-Si substrates were charged and 
the effect of charging the SiNx film on minority carrier lifetimes of the CZ samples was 
measured. It was found charging the SiNx film increased the effective minority carrier 
lifetime of the sample by over two orders of magnitude (~ 251 µs), which was almost 
equal to the bulk lifetime of the CZ sample used. This result therefore, proved that the 
field effect passivation induced by externally injected charges in the SiNx films can 
enhance the minority carrier lifetimes of the sample above and beyond the chemical 
passivation methods and effectively reduce the surface recombination activity to 
negligible levels.  
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8.2 Opportunities and challenges in integrating SiNx charging process 
into standard solar cell fabrication process 
8.2.1 Implication of SiNx charging on cell efficiency: PC1D 
To quantify the effect of externally injected charges in SiNx films on solar cell 
efficiency, PC1D simulations were performed again on a standard p-doped silicon cell 
with n+ emitter, which was previously described in Chapter 2. For this simulation, two n-
emitter doping levels were selected: 60 Ω/☐ representing a standard cell with a heavily 
doped n+ emitter and 160 Ω/☐ representative of lightly doped selective emitter cell 
architecture. External positive and negative surface charges used in this simulation were 
equal to the magnitude of charges injected in the SiNx films using corona charging tool 
and measured using C-V techniques as explained in Chapter 5. Cell efficiency of the n+-p 
solar cell was used as a performance metric measured at three stages: 
 
1) Control: standard n+-p cell with front SiNx ARC film carrying +5 x 1011 cm-2 of as-
deposited positive fixed charges and a rear Back Surface Field (BSF).  
2) After positive charging of front SiNx film: +5 x 1012 cm-2 front positive surface 
charge, rear BSF present. 
3) After replacing rear BSF with negatively charged SiNx film: +5 x 1012 cm-2 front 
positive surface charge, -7 x 1012 cm-2 rear negative surface charge, no BSF.   
 
These three stages depict the sequence in which charging simulations were 
carried on a standard cell. While the first simulation was carried on a standard cell with 
SiNx film carrying only as-deposited +5 x 1011 cm-2 positive fixed charges prior to any 
charging treatment, the second simulation was carried to quantify the effect of positive 
corona charging of the front SiNx film that injected +5 x 1012 cm-2 of external charges in 
the film. In both of these simulation cases, a standard BSF was present at the rear of the 
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cell. Lastly, for the third simulation, the rear BSF was replaced by a negatively charged 
SiNx film carrying -7 x 1012 cm-2 charges. The other relevant parameters used for PC1D 
simulations are listed in Table 8.1. 
 
TABLE 8.1: Cell parameters for PC1D simulation 
Parameter Value 
Thickness 180 µm 
Cell area 1 cm2 
p-type base doping Boron, 5 x 1015 cm-3 
n-emitter doping (high) Phosphorus, 2 x 1020 cm-3 (60 Ω/☐) 
n-emitter doping (low) Phosphorus, 6 x 1019 cm-3 (160 Ω/☐) 
Bulk lifetime 500 µs 
Front surface  
recombination velocity 1 x 10
4 cm/s 
Rear surface  
recombination velocity 1 x 10
5 cm/s 
Front surface Textured 
Spectrum AM 1.5 G 
Cell temperature 25 °C 
Light intensity 0.1 W/cm2 
 
 
TABLE 8.2: PC1D simulated cell efficiency as a function of surface charges applied on the 
front and rear surfaces of the cell 
Emitter 
doping  (1) Control cell 
(2) After positive 
charging of front SiNx 
film, BSF present 
(3) After replacing rear 
BSF with negatively 
charged SiNx film 
 
As-deposited front 
SiNx ARC (+5 x 1011 
cm-2) and rear BSF 
+5 x 1012 cm-2 front 
surface charge, rear 
BSF present 
+5 x 1012 cm-2 front 
surface, -7 x 1012 cm-2 rear 
surface charge, no BSF 
60 Ω/☐ 18.2 % 18.2 % 19.1 % 
160 Ω/☐ 18.5 % 18.6 % 20.0 % 
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Table 8.2 lists the simulated cell efficiencies of the n+-p cell for two emitter 
doping levels as a function of surface charges applied on the front and rear surfaces of 
the cell. For the case of heavily doped n-emitter, the standard control cell, with as-
deposited SiNx film with no externally injected charge, had a cell efficiency of 18.2%. 
After putting in extra positive front surface charges (+5 x 1012 cm-2) to simulate the effect 
of positive corona charging of the front SiNx film in the second simulation case, the cell 
efficiency did not change. The primary reason being the well passivated front surface and 
a heavy emitter doping concentration that resulted in no effect of field effect passivation 
brought by increased surface charges, as previously shown in Fig. 2.4. However, for the 
third simulation case, where the rear BSF was replaced by a negatively charged SiNx film 
carrying -7 x 1012 cm-2 charges, the cell efficiency significantly improved to 19.1 %, 
indicating a better rear surface passivation achieved by the negative charges on the p-
doped surfaces compared to the standard Al BSF region.  Similar trend was noticed for 
the lightly doped emitter where replacing the rear BSF region by the negatively charged 
SiNx film increased the cell efficiency from 18.6 % to 20.0 %. This simulation thus 
demonstrated the beneficial role of externally injected charges in SiNx films applied on 
the front and rear surfaces of the cell in significantly improving the cell efficiencies.  
 
8.2.2 Opportunities by integrating SiNx charging process 
The single biggest opportunity or advantage in using SiNx charging process 
demonstrated in this work is that the same SiNx film can be applied on the front and rear 
surfaces (n or p-type) of the silicon solar cell by externally injecting positive or negative 
charges. This ability to inject either polarity of charge in the SiNx film therefore, 
overcomes the inherent limitations of negatively charged Al2O3 films and as-deposited 
SiNx films with only positive charges. As demonstrated by the PC1D simulations in the 
previous section, applying a negatively charged SiNx film at the rear p-doped surfaces 
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significantly improved the cell efficiency by better passivating the surfaces. The dielectric 
film stack (SiNx/SiO2) applied at the rear surfaces can be optimized further to reflect the 
light from the rear surfaces to further enhance the light trapping properties of the cell. 
Excess positive charges injected in the SiNx film applied on the front n-type emitter 
surfaces, greater than the as-deposited amount, can also improve cell efficiencies for cell 
architectures with lightly doped emitter profiles such as in selective emitter cells.  
The corona charging technique described in this work is an extremely fast and 
easy charge manipulation process that will allow easy integration of this technique into 
standard cell fabrication processes. The charging technique works in normal 
atmospheric conditions and does not require any surface preparation work. Since, no 
charge tunneling occurs during the charging of SiNx film and the underlying Si substrates 
due to the presence of 20 nm thick SiO2 layer, either polarity (positive or negative) of 
charges can be injected in the SiNx film independent of the doping type and doping 
concentration of the underlying Si substrate. The corona charging mechanism is able to 
inject charges uniformly over a large area that makes it suitable to use on standard 156 
mm x 156 mm solar substrates.  
 
8.2.3 Challenges in integrating SiNx charging process 
There are certain challenges that need to be overcome prior to integrating the 
SiNx charging process in the cell fabrication process. The stability of externally injected 
SiNx charges under sunlight needs to be understood and improved. As explained in 
Section 5.7, while the charges were wiped out when the samples were exposed to sunlight 
for a week, the same charges remained stable when exposed to a 365 nm UV light as 
shown in Fig. 6.5. Therefore, once the critical cutoff wavelength of the light is 
determined above which the charges will remain stable; a special PV glass can then be 
designed accordingly and placed over the charged SiNx film, to transmit sunlight above 
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the cutoff wavelength. Further, applying a negatively charged SiNx film on the rear p-
type surfaces will not be affected by the UV light and will therefore remain stable for a 
longer period of time. An Oxide/Nitride/Oxide dielectric film stack can also be 
investigated to improve the UV stability of the injected charges.  
As it was reported in Chapter 5, the externally injected charges in the SiNx film 
were found to be stable up-to a year under normal room temperatures (~ 40°C), 
however, high temperature processing steps (400°C or higher) completely removed 
these charges. The charge was lost primarily into the atmosphere through the top SiNx 
film, as the bottom SiO2 layer blocked the transition of charge into the Si substrate. The 
O/N/O film stack can therefore, be used to improve the thermal stability of injected 
charges in the SiNx film. Further, charging of SiNx film should be performed at the end of 
the cell fabrication sequence once all the high temperature processing steps involving 
annealing and metal contact firing are done to make the SiNx charges thermally stable. 
 
8.3 Future work 
The UV and thermal stability of the injected charge in the SiNx film needs to be 
improved. Modifying the SiNx film properties, employing new dielectric film stack 
structure can help retain the injected charges after high temperature exposures. Further, 
the next step is to integrate the SiNx charge manipulation step into standard solar cell 
fabrication processes. The performance of standard n+-p Si solar cells consisting of 
positively charged front SiNx film and negatively charged rear SiNx film needs to be 
measured and compared with those cells consisting of negatively charged thin 
Al2O3/SiNx rear stack.  
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